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ABSTRACT 
 
     Although strict practices for controlling the safety of leafy green produce have been 
implemented in the produce industry, current commercial operations rely on a wash 
treatment with an antimicrobial agent as the only step for reducing microbial populations 
on fresh produce. However, washing with a sanitizer has been demonstrated to achieve 
no more than 1-2 log reduction in pathogen populations. In recent years, much research 
effort has been put into the development of multiple-hurdle techniques to enhance 
produce safety. Ultrasonic waves ranging from 20 to 100 kHz in frequency have been 
successfully used as a surface cleaning technique in the medical and precision processing 
industries for a number of years. The use of ultrasound in fresh produce sanitation as a 
hurdle technique is a relatively recent endeavor, however. The reported studies have been 
sporadic and inconsistent, and have only dealt with batch operations. There are few 
reports documenting the effects of ultrasound and washing tank operational parameters 
on the efficacy of combined treatments of ultrasound and sanitizer, or on the removal of 
bacteria from fresh or fresh-cut vegetable surfaces. In this study, a systematic approach, 
starting from understanding the interactions among acoustic energy, produce, sanitizers, 
and bacteria, as well as the distribution of the ultrasonic field in the treatment channel, 
was employed to find the answer to the important question: "Can an ultrasound-assisted 
treatment indeed enhance microbial reduction in a continuous-flow pilot-scale produce 
washing system?"   
     The first question that has to be answered for any ultrasound-assisted produce wash is 
if ultrasound as a form of physical energy will cause produce quality degradation. To 
address this issue, a determination was made of the threshold of acoustic power density 
(APD) in an ultrasound treatment allowable without causing unacceptable produce 
damage immediately after sonication. All subsequent produce wash tests were performed 
with an APD below this threshold. Next, the effect of ultrasound on the reduction of 
Escherichia coli O157:H7 inoculated on the surfaces of selected produce was measured. 
The interactions between ultrasound and sanitizers were examined by monitoring the 
concentration changes of the sanitizers in washing solutions used for fresh-cut lettuce 
washes. The effects of ultrasound parameters and operational conditions on the 
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uniformity of the acoustic field in the ultrasonic channel, and on surface decontamination 
of leafy green produce, were also examined. A continuous-flow pilot scale ultrasonic 
washing system was designed, fabricated, and tested in this study. Further, produce 
surface characteristics and infiltration pathways were studied.  Finally, the application of 
ultrasonication for surface decontamination of lettuce coring knives was also investigated.  
     The overall quality scores of baby spinach, lollo rosso, loose leaf lettuce, iceberg 
lettuce, and romaine lettuce remained unchanged during a 2-week storage period when 
sonicated at an APD of less than 100 W/L for less than 2 min., and were above the 
acceptable level as determined by a sensory panel. The electro-conductivity rate of all 
four of these salad leaves increased over the treatment time.     
     The ultrasound treatment significantly enhanced the removal of E. coli O157:H7 cells 
from the spinach surfaces in all of the sanitation treatments, and the enhancement of the 
ultrasound increased with the treatment time and APD. Ultrasonication accelerated the 
degradation of free chlorine and total chlorine during a 4-min treatment, compared to a 
wash without ultrasound, while concentrations of acidified sodium chlorite and 
peroxyacetic acid remained unchanged.  
     An ultrasound treatment at 75 kHz was significantly less effective in the removal of E. 
coli O157:H7 from spinach leaves than treatments at 25 and 40 kHz (p < 0.05). The 
removal of microbes from baby spinach leaves by ultrasonication decreased when the 
ultrasonic channel width increased from 304.8 to 609.6 mm. The blockage of ultrasound 
due to the overlapping of spinach leaves dramatically decreased the decontamination 
efficacy, and hence care should be taken to avoid the overlapping of produce leaves. A 
20-min degassing prior to ultrasonication only resulted in a marginal increase (0.16 log 
cycle) in the E. coli count reduction.       
     In the tests with the pilot-scale ultrasonic produce washer, ultrasound in combination 
with chlorine enhanced the reduction of E. coli inoculated on spinach by a 0.53 log cycle 
for batch-leaf washes. Additionally, batch-leaf washes with chlorinated water enhanced 
the reduction of aerobic plate count by a 0.50 log cycle over a chlorine-only wash. No 
significant effect of ultrasound was observed for yeast and mold reduction. 
Ultrasonication enhanced the removal of E. coli O157:H7 from baby carrots by 1.24 log 
cycles and 0.65 log cycle when treated for 1 min and 3 min, respectively. A batch wash 
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with ultrasound also significantly (p < 0.05) increased the aerobic plate count reduction 
for roma tomato surfaces by a 0.75 log cycle over a sanitizer-only wash, while there was 
only a marginal enhancement in yeast and mold reduction.    
     A number of new techniques were developed or applied to elucidate the relationships 
between produce surface characteristics and microbial attachment and removal. In the 
inactivation tests, the underside of spinach leaves (rough side) was found to provide a 
better shelter for E. coli O157:H7 than the upside. Scanning electron microscope (SEM) 
and optical profiler mapping were used to provide some insight into this observation. The 
SEM images and surface profiles of a spinach leaf showed valleys, deeper in the 
underside than in the upside, harboring and even protecting the cells attached in them. In 
the effort to quantify the surface roughness of produce, a freeze-drying sample 
preparation method for confocal laser scanning microscopy was developed which worked 
well. There were no significant differences in surface roughness among selected 
vegetables. Moreover, the surface hydrophobicity of the inner surface of spinach leaves 
was not significantly different from that of the outer surface, and was not affected by 
ultrasonication.  For the first time, the MicroXCT technique was employed in this study 
to examine the internal structure of a produce sample on the micrometer scale. The 
MicroXCT images provided a detailed view of the potential infiltration pathways inside a 
produce tissue that may be used by human pathogens to penetrate fresh and fresh-cut 
produce.    
     In the test to examine the interactions of ultrasound with a hard metal surface, the 
ultrasound treatment reduced the E. coli O157:H7 count to below the detection limit on 
coring knives on both the blade and welding joint when treated for 30 s in 1 mg/L 
chlorinated water.  The two newly designed prototype knives harbored significantly 
fewer E. coli cells than the current commercially used ones, enabling high disinfection 
efficacy. 
      In summary, prerequisites for the application of acoustic energy for produce surface 
decontamination are a good understanding of the underlying physics of acoustics, as well 
as of the interactions among ultrasound, sanitizers, produce, and bacteria. The operational 
parameters of both the ultrasound generator and produce washer are also critical in 
improving the washing efficacy. With a carefully designed ultrasound system and a 
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uniform acoustic field distribution in the washer and on each side of a produce sample, a 
significantly enhanced reduction in microbial count over that of a sanitizer-only wash can 
be achieved. 
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CHAPTER 1 
INTRODUCTION 
     The consumer demand for fresh foods has stimulated the production of fresh produce, 
making it one of the fastest growing market sectors in the United States.  Unfortunately, 
the increase in produce production and consumption has also been accompanied by a 
simultaneous increase in the reported number of foodborne disease outbreaks.  Between 
1996 and 2005, leafy green consumption increased 9.0% and leafy green associated 
outbreaks increased 38.6% (Herman, 2008).   From 1996 to 2006, 24 food-borne illness 
outbreaks traced to leafy green produce were reported, accounting for 34% of such 
outbreaks linked to fruit or vegetables. Thirteen years after the launch of the President's 
Food Safety Initiative in 1997, the microbial safety of fresh and fresh-cut produce 
remains a challenge. The frequent outbreaks of human infections caused by the 
consumption of leafy green produce have compromised the health of consumers, led to 
economic loss in the produce industries, and, more importantly than the immediate loss, 
eroded consumer confidence in fresh produce in general, which might retard the long-
term development of the industry. 
     Although strict practices for controlling the safety of leafy green produce have been 
applied in the produce industry, commercial operations currently rely on a wash 
treatment with antimicrobials as the only step for reducing microbial populations on fresh 
produce. However, sanitizing washes have been demonstrated to achieve no more than a 
1-2 log reduction of pathogens (Simons, 1997; Simons, 2001; Luo, 2007). Obviously, 
more effective surface disinfection techniques are needed to enhance the efficacy of 
industrial produce washes. In recent years, much research effort has been put into the 
development of multiple-hurdle techniques for enhancing fresh produce safety. 
Ultrasonic waves ranging from 20 to 100 kHz in frequency have been successfully used 
to clean the surfaces of medical, dental, and other industrial equipment. A hypothesis has 
then been formulated that ultrasound can also be used for enhancing produce surface 
sanitation. The cavitation induced by ultrasonic waves traveling through a liquid has been 
reported to produce surface shear forces, shock waves, micro-streaming, and water jets in 
the liquid, all contributing to the surface cleaning actions of ultrasound. However, some 
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controversial reports have been published about the effectiveness of ultrasound treatment 
on produce surface decontamination. It is known that the cleaning efficiency of 
ultrasonication is affected greatly by the frequency and power of the ultrasound, 
configuration of the ultrasound system, operational parameters, and configuration of the 
washing system. Moreover, the surface characteristics of the wrinkled and fragile 
surfaces of vegetables also play an important role in bacterial detachment and removal.  
However, systematic research into these factors has not been seen in the literature.  
     Therefore, the overall goal of this study was to conduct a systematic investigation into 
the critical factors of ultrasound when used as a produce surface decontamination 
technique, by examining the interactions between the ultrasound, produce, and bacteria. 
An emphasis was also placed on analyzing the surface characteristics of leafy green 
produce associated with the detachment and removal of microorganisms from them. The 
specific objectives were as follows:  
• To examine the effect of ultrasound on the quality of leafy green vegetables, 
• To determine the microbial inactivation efficacy of ultrasonication-assisted 
treatments in a batch system and the effect of ultrasound on sanitizer degradation, 
• To investigate the effects of ultrasound system parameters and operational 
conditions on the efficacy of ultrasound-assisted surface decontamination of spinach 
leaves,  
• To design and build a prototype continuous-flow ultrasonic washing system and 
test its sanitation efficacy,  
• To explore new means to quantify the surface characteristics of produce which 
influence the inactivation of Escherichia coli O157:H7 and indigenous microorganisms 
by ultrasound-assisted sanitation, and  
• To investigate the sanitation efficacy of ultrasound on a lettuce coring knife. 
References 
Herman KM, Ayers, TL, Lynch M. 2008. Foodborne disease outbreaks associated with 
leafy greens, 1973–2006. Presented at the International Conference on Emerging 
Infectious Diseases 2008, Atlanta, Georgia. 
Luo Y. 2007. Fresh-cut produce wash water reuse affects water quality and packaged 
product quality and microbial growth in Romaine lettuce. HortScience, 42: 1413-
1419. 
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Simons LK, Sanguansri P. 1997. Advances in washing of minimally processed vegetables. 
Food Australia 49: 75-80. 
Simons L. 2001 (ed.). New washing treatments for minimally processed vegetables. Food 
Science Australia, Sydney, Australia. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1. Fresh and fresh-cut vegetables involved in foodborne illness outbreaks 
2.1.1. Spinach 
     Spinach (Spinacia oleracea) is an edible flowering plant in the family of 
Amaranthaceae (Dande et al. 2010). There are three types of spinach: savoy, flat/smooth 
leaf spinach, and semi-savoy. Spinach has a high nutritional value, containing minerals 
(calcium, copper, iron, magnesium, potassium, selenium, and zinc, among others), 
vitamins (vitamin A, lutein, vitamin B6, vitamin B9 (folic acid), vitamin C, vitamin E, 
vitamin K, folate, etc.), proteins, omega-3 fatty acid, and dietary fibers. 
     Driven by fresh-market use, the consumption of spinach has been on the rise in the 
United States in the past decades. Per capita use of fresh-market spinach increased from 
0.97 pound to 4.43 pounds during 1980-2006. Much of the growth over the past decade 
has been due to sales of packaged spinach and, more recently, baby spinach. These 
packaged products have been one of the fastest-growing segments of the packaged salad 
industry.  
      However, in the past decades, a number of foodborne illness outbreaks have been 
reported to be associated with consumption of spinach. The first report for spinach-
related outbreak was in 1993 in California where 16 cases were recorded at Sequoias 
Portola Valley Nursing Home. Ten years later, in October 2003, 13 residents of a 
California retirement center were sickened and 2 died after eating E. coli-contaminated 
"pre-washed" spinach. In September 2006, a foodborne illness outbreak hit 21 U.S. states, 
which was caused by the E. coli strain O157:H7 and linked to bagged fresh spinach. 206 
illnesses and three deaths were reported. Another case was on August 28, 2007 when 
Metz Fresh, LLC (a King City-based grower and shipper, Salinas Valley, California) 
voluntarily recalled bagged spinach as a result of a positive test for Salmonella found 
during routine company testing. There have been no reports of illness related to this 
recalled spinach (Metz Fresh, 2007). On April 30, 2009, KLEEN-PAK FOODS of 
Milwaukee Wisconsin also took back its 10 ounce and 1 pound packages of fresh spinach 
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because of potential contamination of Salmonella. No illnesses have been reported to date 
in connection with this recall (Kowaleski, 2009).  
2.1.2. Lettuce 
     Lettuce (Lactuca sativa) is a temperate annual or biennial plant of the daisy family 
Asteraceae (Georgios et al., 2007; Julien et al., 200; Salem et al., 2010). It is typically 
eaten cold, raw, and is a cooling counterbalance to other ingredients in a salad because of 
mild flavor (Grigson, 1978). Lettuce is a fat free, low calorie food and is good for a well-
balanced diet. It is a valuable source of vitamin A and folic acid. 
     There are six commonly recognized cultivar groups of lettuce which are ordered by 
head formation and leaf structure: butterhead with loose heads; Chinese lettuce, generally 
having long, sword-shaped, non-head-forming leaves, with a bitter and robust flavor 
unlike Western types; crisphead, also called Iceberg, with tight, dense heads that 
resemble cabbage; looseleaf with tender, delicate, and mildly flavored leaves, which 
includes oak leaf and lollo rosso lettuces; Romaine, also called Cos, grown in a long head 
of sturdy leaves with a firm rib down the center, which is tolerant of heat; Summer Crisp, 
also called Batavian, with moderately dense heads and a crunchy texture.  
     As a leafy vegetable, lettuce is grown commercially worldwide. The Food and 
Agriculture Organization of the United Nations reported that world production of lettuce 
and chicory for calendar year 2007 was 47,100 million pounds, and United States 
accounted for 22%.   
     Lettuce is associated with a number of illness outbreaks of human pathogens. In 
November, 2006, a multi-state outbreak of Escherichia coli O157:H7 infections were 
found to be associated with consumption of shredded lettuce at Taco Bell restaurants in 
the northeastern United States (CDC, 2006). Of the 71 reported cases, 53 were 
hospitalized and 8 developed a type of kidney failure called hemolytic-uremic syndrome. 
In September, 2008, 38 cases of E. coli O157:H7 infections with the same genetic 
fingerprint were reported to Michigan Department of Community Health (MDCH). 
Among the 38 cases, 21 had been hospitalized, and one had developed hemolytic uremic 
syndrome (HUS). No death was known to be associated with the outbreak. Based upon 
analysis of scientific evidence from MDCH's epidemiological investigation, iceberg 
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lettuce has been identified as the source of the illness outbreak. As a response, the Food 
and Drug Administration (FDA) developed the Lettuce Safety Initiative in 2009 to 
address the recurring outbreaks of E. coli O157:H7 associated with fresh and fresh-cut 
lettuce (FDA, 2009a).  
2.1.3. Tomato 
     There are two kinds of tomatoes mainly sold in the supermarkets or used in the 
restaurants cross the North America, namely Roma and round tomatoes. The Roma 
tomato or Roma is a plum tomato which is a meaty, egg- or pear-shaped tomato that is 
available in red and yellow. Tomato fruit is a good source of vitamins (vitamin A, 
vitamin C, Folate and other trace vitamins) and minerals (potassium, calcium, phosphorus, 
iron and other minerals), also containing a little fiber and a very small amount of protein 
and fat. Tomato is also a good source of antioxidants, such as lycopene (Smith, 1994).  
     Since 1990, at least 12 multistate outbreaks of salmonellosis traced to various types of 
tomatoes (e.g., red, round; Roma; and grape) have been reported to the CDC Electronic 
Foodborne Outbreak Reporting System (eFORS) by state public health departments 
(CDC, 2007; Wood, 1991). Each year, approximately 36,000 laboratory-confirmed cases 
of Salmonella infection (salmonellosis) are reported in the United States through national 
serotype-based surveillance. The first large multistate outbreak of Salmonella infections 
was linked to contaminated tomatoes in 1990, when Salmonella Javiana caused 176 
illnesses in four Midwestern states. These 12 outbreaks accounted for approximately 
1,990 culture-confirmed infections. However, because an estimated 97.5% of Salmonella 
infections are not confirmed by culture, these outbreaks might have resulted in as many 
as 79,600 illnesses. In 2008, a Salmonella outbreak caused the removal of tomatoes from 
stores and restaurants across the United States and parts of Canada. The rare Saintpaul 
serotype of Salmonella enterica caused at least 1,017 cases of salmonellosis food 
poisoning in 41 states throughout the United States and Canada.  
     Possible sources for environmental Salmonella contamination of tomatoes include 
feces from domestic or wild animals (e.g., reptiles, amphibians, or birds) or contaminated 
habitats, such as ponds or drainage ditches (Guo, 2001). The environmental investigation 
revealed that multiple potential animal reservoirs of Salmonella (e.g., cattle, wild pigs, 
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wild birds, amphibians, and reptiles) were present in and adjacent to the drainage ditches. 
Salmonella can internalize tomatoes when they are immersed in water with a temperature 
lower than the temperature of the tomato (Zhuang, 1995). Tomatoes also can become 
internally contaminated when tomato stems and flowers are inoculated with Salmonella, 
which can occur during growth if contaminated water is applied directly to plants. 
Contaminates on tomato surfaces also can be transferred to the interior of a tomato when 
it is cut, while cut tomatoes provide an efficient medium for bacterial growth (Lin, 1997).  
2.1.4. Pepper  
     Pepper, named after Capsicum, is a genus of flowering plants in the nightshade family, 
Solanaceae (De, 2003). Its species are native to the Americas, and, now, cultivated 
worldwide. Some of the members of Capsicum are used as spices, vegetables, and 
medicines. The fruit of Capsicum plants have a variety of names depending on place and 
type. They are commonly called chilli peppers, red or green peppers, or sweet peppers, 
and typically just capsicum (Quattrocchi, 2000).  
     Peppers are low in sodium, and very low in saturated fat and cholesterol. It is also a 
good source of vitamin E (alpha tocopherol), thiamin, riboflavin, magnesium, phosphorus, 
copper and manganese, and a very good source of dietary fiber, vitamin A, vitamin C, 
vitamin K, niacin, vitamin B6, folate and potassium (Conforti, 2007). The fruit of most 
species of Capsicum contains capsaicin (methyl vanillyl nonenamide) (Mason et al., 
1991), a lipophilic chemical that can produce a strong burning sensation in the mouth of 
unaccustomed eaters while black pepper causes similar burning sensations by piperine 
and hydroxy-alpha sanshool, respectively. Capsaicin is present in large quantities in the 
placental tissue (which holds the seeds), the internal membranes and, to a lesser extent, 
the other fleshy parts of the fruits in the genus Capsicum. The only exception of 
Capsicum without capsaicin is the bell pepper.  
     A number of foodborne illness outbreaks have been associated with the consumption 
of peppers. On August 2008, an outbreak of Salmonella Saintpaul was traced to the 
consumption of jalapeño. It is the largest reported salmonellosis outbreak in the U.S. 
since 1985. There were at least 565 reported infected people linked to the outbreak, and 
cases were distributed among 43 states and Canada, with particularly high incidence rates 
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in New Mexico and Texas. At least 286 persons were hospitalized, and the infection 
might have contributed to two deaths (CDC, 2008). In 2009, a large, multi-state outbreak 
of Salmonella Saintpaul was investigated by CDC working with state, local, and tribal 
health departments, the Indiana Health Service, and the Food and Drug Administration 
(FDA) (FDA, 2009b).  
2.2. Escherichia coli associated with foodborne illness outbreaks 
2.2.1. Escherichia coli  
     Escherichia coli (commonly abbreviated E. coli), is a Gram negative, facultative 
anaerobic, non-sporulating and rod-shaped bacterium. E. coli cells are typically rod-
shaped and are about 2 μm long and 0.5 μm in diameter. Strains that possess flagella can 
swim and are motile. Optimal growth of E. coli occurs at 37°C but some laboratory 
strains can multiply at temperatures of up to 49°C (Madigan and Martinko, 2006). E. coli 
is commonly found in the lower intestine of warm-blooded organisms (endotherms), food 
products, and environment. Most E. coli strains as part of the normal flora of the gut, are 
harmless, and can benefit their hosts by producing vitamin K2, or by preventing the 
establishment of pathogenic bacteria within the intestine (Bentley et al., 1982; Hudault et 
al., 2001; Reid et al., 2001). E. coli cells can also survive for brief periods on food 
products, processing equipment, and environment, and have been regarded as an ideal 
indicator organism to test environmental samples for fecal contamination (Feng et al., 
2002). E. coli is also one of the best-studied prokaryotic model organisms, and an 
important species in biotechnology and microbiology studies because of its simple and 
easy growth, and its comparatively simple and easily-manipulated or duplicated genetics. 
E. coli is now classified as part of the enterobacteriaceae family. Based on serological 
characteristics and virulence properties (Brüssow et al., 2004), the diarrheagenic E. coli 
are divided into five major categories as shown in Table 2.1.      
 2.2.2. Escherichia coli O157:H7 
    Certain strains of E. coli, such as O157:H7, O121 and O104:H21, produce potentially-
lethal toxins. Food poisoning caused by E. coli is usually linked to eating unwashed 
vegetables or undercooked meat, and transmitted via fecal-oral transmission. E. coli 
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O157:H7 is Shiga-like toxins, causing severe illness, and is a member of a class of 
pathogenic E. coli known as enterohemorrhagic Escherichia coli or EHEC (Karch, 2005). 
E. coli O157:H7 is also notorious for causing serious and even life-threatening 
complications like hemolytic-uremic syndrome (HUS). The fecal-oral transmission can 
be intervened by proper cooking, disruption of routes for cross-contamination, and 
sanitation of food workers.  
     E. coli O157:H7 infections have been worldly reported, and often cause severe, acute 
bloody diarrhea or non-bloody diarrhea, abdominal cramps, and occasionally kidney 
failure. Usually little or no fever is present, and the illness resolves in 5 to 10 days. It can 
also be asymptomatic. In about 2%–7% of infected young children and elderly people, 
the infection can cause haemolytic uremic syndrome (HUS), in which the red blood cells 
are destroyed and the kidneys fail. HUS is the principal cause of acute kidney failure in 
children in the United States.  
     E. coli O157:H7 was first recognized as a pathogen associated with an outbreak of 
unusual gastrointestinal illness traced to contaminated hamburgers in 1982, and the 
etiologic agent of the illness was identified as a rare O157:H7 serotype of E. coli in 1983 
(Wells JG, 1983).  This serotype had been isolated once before, from a sick patient in 
1975 (Riley, 1983). E. coli O157 is found regularly in the faeces of healthy cattle, and is 
transmitted to humans through contaminated food, water, and direct contact with infected 
people or animals. The recent illness outbreaks of E. coli O157:H7 are frequently traced 
back to the consumption of leafy green produce (See Table 2.2). 
2.3. Colonization and internalization of microbial cells on and into produce surfaces 
2.3.1. Microbial colonization on produce surfaces  
     Generally, enteropathogenic organisms contaminate the surfaces of produce mostly 
via water or soil, which depends on a number of factors. Bacterial hydrophobicity, 
surface charge, cell surface structures (flagella, pili, curli), outer membrane proteins, and 
mode of growth are among the key players affecting attachment of bacterial cells to a 
surface (Goulter et al., 2009). Most produce surfaces exhibit certain degree of 
hydrophobicity, mainly because of the epicuticular wax (Koch et al., 2007). The 
hydrophobic nature of produce surface reduces the likelihood of water access to produce. 
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Surface roughness is also found to correlate to cell attachment and detachment (Faille et 
al., 2002; Wang et al. 2009).  
     Surface composition, surface charge, and surface free energy of plant also play a role 
in bacteria adhesion. There exit suitable microsites for enteric pathogens to grow or 
survive, which are distinct and localized spots on the plant surface where sucrose, amino 
acids, and nitrate are abundant around the rhizosphere (Jaeger et al., 1999), although the 
viability of microorganisms compromises due to the exposure to high doses of UV light, 
changes in temperature and osmotic conditions within the same day, and poor nutrition 
(Heaton and Jones, 2008). Besides humidity, cell adhesion is found to be temperature 
dependent. There seems to be an optimal adhesion temperature for different 
microorganisms (Gorski et al., 2003). In addition, different bacteria have exhibited 
preferential attachment to different surfaces (cut edge and stomata versus intact tissue) or 
plants (Seo and Frank, 1999; Barak and Liang, 2008).  
2.3.2. Microbial internalization in produce 
     The invasion of human pathogen into a plant tissue has received significant attention. 
Once internalized, the removal and inactivation of the pathogen without compromising 
the produce quality becomes almost impossible (Warriner et al., 2009). Recent studies 
have confirmed that human pathogens can enter stomata and cut edges of fresh produce 
(Seo and Frank, 1999; Takeuchi et al., 2000).  Wounds and bruises on produce also 
enable human pathogens to enter inner plant tissues (Ryser et al., 2009). Different from 
microbial invasion of animal host, the invasion of plants by human pathogen appears to 
be extracellular, with bacteria reside in fluid-filled apoplastic spaces between cells 
(Holden et al., 2008).  Internalized pathogens may migrate through the plant vascular 
system and spread the contaminant. Salmonella enterica and E. coli O157:H7 were found 
to move long distances through Arabidopsis vascular system, resulting in whole plant 
contamination in the absence of microbial competitors (Cooley et al., 2003). Studies have 
shown that pathogenic enterobacteria preferentially invade plant root tissue rather than 
foliage (Cooley et al., 2003). Bacteria that are fluorescently or bioluminescently labeled 
are used to examine bacterial internalization. A common method for quantifying invasion 
is to sterilize the external surfaces of plant tissue and count those internalized and hence 
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protected from sterilizing agent. Non-microbial methods, such as aqueous dye solutions 
and florescent microbeads have also been employed as indicators of bacterial infiltration 
into produce (Buchanan et al., 1999; Niemira, 2007).  Nevertheless, the mechanisms by 
which enteric pathogens invade plant tissues are largely unclear.  Knowledge about 
effects of plant itself and environmental conditions on the internalization of human 
pathogens is needed.  
2.3.3. Interaction between plant pathogens and human pathogens on the surfaces of 
produce.    
     Microorganisms, in general, grow and compete for attachment sites and nutrients in 
the phyllosphere.  Studies have demonstrated that specific microbial populations on 
phyllosphere can either enhance or decrease survival and growth of human pathogens on 
the plant (Whipps et al., 2008). In an in-vitro study, Enterobacter asburiae decreased the 
population of E. coli O157:H7 by 20-30 times on lettuce foliage after 10 days when 
grown from co-inoculated lettuce seeds (Cooley et al., 2006). An alfalfa-derived 
microflora inoculated onto alfalfa seeds reduced growth of inoculated Salmonella (Matos 
and Garland, 2005). Liao (2007) also reported a decrease in human pathogen population 
when native flora from fresh peeled baby carrots was used in a storage test.  In contrast, 
the presence of Wausteria paucula, an epiphyte on lettuce plants was found to enhance 
growth of E. coli O157:H7 on sterile-grown lettuce roots (Cooley et al., 2006). Wells and 
Butterfield (1997) observed that the population sizes of Salmonella on potato, carrot, and 
bell pepper discs co-inoculated with soft rot pathogen Erwinia carotovora or 
Pseudomonas viridiflava were ten- and threefold higher then when inoculated with the 
pathogen alone.  In addition, extensive sanitation wash of fresh produce could leave a 
vacuum with little competition against enteric pathogens contaminating the produce 
(Brandl, 2006).  It is therefore important to understand the interactions between human 
pathogens and microorganisms present on produce surfaces.  
2.3.4. Plant surface characteristics  
      The rugged topography of produce surfaces and the spatial heterogeneity in 
physicochemical conditions may also facilitate the attachment of microbial cells on 
produce surfaces (Brandl, 2006). The epidermis of produce is coved with a multilayered 
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cuticle (1-15 m), which is protective, hydrophobic, and waxy produced by the epidermal 
cells of leaves, young shoots and all other aerial plant organs (Burnett et al., 2001). The 
cuticle is responsible for the high water-repellent nature of produce surface, and provides 
a natural barrier against insects and microbial invasion, physical damage, and 
dehydration. This structure also functions as a permeability barrier for water and water-
soluble materials, and restrains the approach of a sanitizer solution to microbial cells 
attached on the produce surfaces.  Additionally, there also exist natural openings (e.g., 
stomata, hydathodes, nectathods, lenticels, stem scars, and calyx) and cracks or crevices 
(Beuchat, 2002; Takeuchi and Frank, 2000), which are the potential areas for the 
attachment of pathogens and microorganisms. A biofilm can also form on these surfaces 
(Warriner et al., 2003; Lapidot et al., 2006), which is a hydrated matrix of microbially 
produced proteins and polysaccharides with microbial cells embedded. The produce 
surface thus provides a naturally-occurring shelter for microorganisms, and makes it 
difficult for a disinfectant to attach to/penetrate into the sub–surface, or contact with 
microbial cells hiding there, for currently used disinfectants are either small molecules 
with hydrophilic property, such as chlorine, or big molecules with hydrophobic property, 
such as some of essential oils. Essential oils, including thymol, eugenol, menthol and 
anethole, are all volatile compounds that inhibit growth of microorganisms, for example 
the growth of Listeria monocytogenes, Staphylococcus spp., enterobacteria, or vibrio 
parahaemolyticus, thereby assisting in the preservation of some foods (Karapmar et al., 
1987). However, essential oils are difficult to prepare in water solution as antimicrobials 
for produce disinfection, and also not easy to attach to the produce surfaces.  
2.4. Current mitigation methods for enhancing fresh and fresh-cut produce safety 
     In recent years, besides the chlorinated water wash, several new sanitizers have been 
introduced for the purpose of improving fresh produce safety. The concept of hurdle 
technology has also been used to enhance produce safety. A brief summary of the 
mitigation methods for fresh produce is given in Table 2.3. 
2.4.1. Chemical sanitizers 
2.4.1.1. Chlorine 
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     Chlorine is the most common disinfectant used in the sanitation of foods, food 
processing facilities, and food processing water in the United States (Eifert et al., 2002; 
Walker and LaGrange, 1991; Cherry, 1999). The application of chlorine on the 
decontamination of food processing equipment and food contact surfaces was approved 
by FDA in 1977 (21 CFR Part 178), and the chlorine solutions contain ≤ 200 parts per 
million (mg/L) free chlorine. Free chlorine is referred as to the concentration of residual 
chlorine in water present as dissolved gas, hypochlorous acid, and/or hypochlorite ion 
existing together in equilibrium. Chlorine is generally used in the 50 to 200 mg/L 
concentration range of free chlorine with a contact time of 1 to 2 min.   
      Elemental chlorine is diatomic and is an oxidizer, while both chlorine liquid and gas 
are non-flammable and irritating, which are used to produce a variety of compounds such 
as bleaches and sanitizers (Northcutt and Russell, 1998; NPSI, 2001). Chlorine is 
hydrolyzed to produce hypochlorous acids, hydrogen ions, and chlorine ions.  The 
antimicrobial properties of chlorine compounds are primarily due to the hypochlorous 
acid (Garrett, 1992). In aqueous solutions, the efficacy of chlorine is pH dependent. 
Typically, pH values between 6.0 and 7.5 are used in sanitizer solutions to minimize 
corrosion of equipment while yielding acceptable chlorine efficacy. The concentration of 
hypochlorous acid is also significantly affected by temperature, presence of organic 
matter, light, air, and metals. Maximum solubility of chlorine in water is observed near 
4°C (39.2°F); however, it has been suggested that the temperature of processing water 
should be maintained at least 10°C (50°F), which was higher than that of produce items 
in order to reduce the possibility of microbial infiltration caused by a temperature-
generated pressure differential.  
      The effects of chlorine on spoilage and pathogenic microorganisms on lettuce have 
been investigated. The research carried out by Lopez et al. (1988) indicated that 
coliforms bacteria were reduced by 93% on lettuce after a 10-min contact time in a 
solution of 300 mg/L chlorine. Populations of E. coli inoculated onto lettuce leaves and 
broccoli florets was reduced  more than 0.5 log CFU/g after a 30 second dip in 100 mg/L 
free chlorine (Behrsing et al., 2000). The research conducted by Zhang et al. (1996) 
indicated that the treatment of 200 mg/L chlorine for 10 min reduced the population of 
Listeria monocytogenes by 1.7 and 1.2 log CFU/g from shredded lettuce and cabbage, 
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respectively.  Similarly, up to 10-minute treatment of Yersinia enterocolitica on shredded 
lettuce with 100 and 300 mg/L chlorine resulted in population reductions of roughly 2 to 
3 logs (Escudero et al., 1999). Pirovani et al. (2001) treated fresh-cut spinach with 
chlorine (25  125 mg/L) and reported 2-3 log cycles reduction in total native microbial 
count. However, some of researches showed less positive effects of chlorine on the 
inactivation of microorganisms on lettuce. Zhang and Farber (1996) reported that the 
inactivation by chlorine was marginally improved when the exposure time was increased 
from 1 to 10 min. In addition, a spray treatment of lettuce with 200 mg/L chlorine was no 
more effective at removing E. coli O157:H7 than treatment with deionized water 
(Beuchat 1999).  Research reported by Nguyen and Carlin (1994) suggested that the 
inactivation of L. monocytogenes on vegetables by chlorine was limited. There was no 
significantly difference (p < 0.05) in microbial count reduction at 4°C (39.2°F) and 22°C 
(71.6°F).  
     It has been realized that the use chlorine for the decontamination of produce is often 
less than satisfactory, even in a laboratory set up. Sapers reported that washing produce 
with 50-100 mg/L free chlorine can only achieve a 1 to 2-log CFU/g reduction in 
microbial population in an industrial scale operation (Sapers, 1998), which doesn’t match 
the requirement of FDA and consumers. There are a number of factors limiting the 
efficacy of chlorine. For instance, chlorine may react with organic matter from juice 
leaching out from cut produce surfaces, and decay before it reaches microbial cells. 
Moreover, crevices, cracks, and small fissures in produce, along with the hydrophobic 
nature of the waxy cuticle on the surface of many fruit and vegetables, become the barrier 
for chlorine and other sanitizers to reach the microorganisms. In addition, safety concerns 
about the production of chlorinated organic compounds, such as trihalomethanes, and 
their impact on human and environmental safety have been raised in recent years, and 
alternatives to chlorine have been investigated. Therefore, although chlorine remains a 
convenient and inexpensive sanitizer for use against many foodborne pathogens at the 
foodservice and household levels, more effective postharvest intervention technologies 
are needed for assuring the microbial safety of fresh and fresh-cut produce. 
2.4.1.2. Electrolyzed water 
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     Electrolyzed water has been extensively studied as a novel sanitizer in recent years. It 
is featured by a low pH, high oxidation–reduction potential (ORP) (about 1100 mV), and 
the presence of hypochlorous acid (Kim, 2000; and Len, 2000). Electrolyzed water as a 
sanitizing agent was initially proposed and investigated in Japan (Shimizu & Hurusawa, 
1992). 
     Electrolyzed water is generated from a diluted solution of sodium chloride (0.1%) by 
electrolysis in a commercially available apparatus which consists of an anode and a 
cathode separated by a semi-permeable membrane. In the electrolysis process, a strong 
acidic electrolyzed water (AEW) containing hypochlorous acid (HOCl), dissolved 
chlorine gas, and some activated chemicals species such as OH radicals is produced in 
the anode compartment, while a strongly alkaline electrolyzed water (AlEW), considered 
akin to a dilute sodium hydroxide, is produced in the cathode compartment (Nakagawara 
et al., 1998; Suzuki et al., 2002b).   
     The efficacy of electrolyzed water on microbial inactivation has been widely reported. 
The research conducted by Park at al. (2001) indicated that a 3-min AEW (45 mg/L 
residual chlorine) wash at 22°C significantly decreased the populations of E. coli 
O157:H7 and L. monocytogenes by 2.41 and 2.65 log10 CFU per lettuce leaf, 
respectively (p < 0.05), compared to a water wash. However, the inactivation efficacy of 
AEW was not significantly different from that of acidified chlorinated water wash (p < 
0.05).  Bari et al. (2003) reported that AEW reduced E. coli O157:H7 counts by a 7.85-
log cycles, Salmonella counts by 7.46-log cycles, and L. monocytogenes by 7.54 log 
cycles from the surfaces of spot-inoculated tomatoes. Lin et al. (2005) used AEW to wash 
leafy vegetables and fruit vegetables and reported 1.0 - 1.5 log CFU/g in aerobic bacteria 
count, while AlEW only resulted in a reduction of 0.5 log CFU/g. The treatment of AEW 
followed by AlEW further reduced APC by 0.5 to 0.7 log CFU/g.  
     The effect of alkaline electrolyzed water (AlEW) and neutral electrolyzed water has 
also been studied. Koseki et al. (Koseki, 2004) found that a pre-wash with AlEW at 20°C 
for 5 min improved the inactivation efficacy of AEW on E. coli O157:H7 and Salmonella 
dip-inoculated on cut lettuce by 0.5 log10 CFU/g, respectively. Rico et al. (2008) 
examined the effectiveness of neutral electrolyzed water (NEW) on fresh-cut lettuce. 
Their results suggested that the use of NEW with 60 mg/L free chlorine could be a 
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surrogate to chlorine (120 mg/L available chlorine) for the disinfection of fresh-cut 
vegetables, reducing chlorine residue used and maintaining the antimicrobial 
effectiveness and without causing quality degradation. Abadias et al. (2008) also reported 
that the diluted NEW (50 mg/L free chlorine, pH 8.60) inactivated E. coli O157:H7, 
Salmonella, L. innocua and E. carotovora on lettuce with reductions of 1 - 2 log similar to 
that of chlorinated water (120 mg/L free chlorine).  
     Although the efficacy of electrolyzed water against a wide spectrum of pathogenic 
organisms has been reported, its application in the U.S. is still limited. The two 
commercial applications available from the literature include shell eggs wash for 
elimination of Salmonella enteritidis (Park et al., 2005). Additionally, the electrolysis 
machines will add cost to capital investment, making it more expensive than the 
chlorinated water technique. Moreover, the electrolysis process needs to be carefully 
controlled for the correct potency. 
2.4.1.3. Peroxyacetic acid 
     Peroxyacetic acid (POAA, also known as peracetic acid) is an organic compound 
(CH3CO3H), and is colorless, irritating and highly corrosive. Peracetic acid is generated 
by the reaction of acetic acid and hydrogen peroxide in an aqueous system catalyzed by a 
sulfuric acid. Mixed peracid or peracetic systems are made with peracetic acid (POAA), 
hydrogen peroxide and acetic acid, which are effective against a spectrum of 
microorganisms. It is well-documented that POAA is an oxidant and disinfectant more 
efficient than chlorine or chorine dioxide (Kitis, 2004). The mode of action of POAA was 
attributed to damage of DNA and lipids in the cell envelope, denaturation of proteins and 
enzymes, and an increase in cell wall permeability by oxidizing sulfhydryl groups and 
disulfide bonds (Koivunen and Heinonen-Tanski, 2005; Hilgren et al., 2007; Small et al., 
2007).  
     POAA has a number of advantages over other sanitizing agents, such as chlorine or 
hydrogen peroxide. During a disinfection process, POAA breaks down into oxygen and 
acetic acid, and finally decomposes to carbonic anhydride and water, which are safe and 
environmentally friendly residues (Monarca et al., 2002). Therefore, POAA can be used 
in non-rinse applications, and is not considered particularly harmful for the ecosystem 
because of a lack of or only negligible formation of toxic or carcinogenic compounds 
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(Dell’Erba et al., 2008). In addition, POAA can be used in a broad temperature range 
(Hilgren et al., 2007), and applied over a broad spectrum of pH (3.0–7.5) (Kunigk and 
Almeida, 2001), and is not dependent on factors such as pH and temperature (Hilgren et 
al., 2007; Rodgers et al., 2004). Moreover, its activity is little influenced by the presence 
of organic materials (Hilgren et al., 2007; Ruiz-Cruz et al., 2007a), and free of the 
inhibition of peroxidase (Block, 1992). The limits of POAA include its instability at 
higher concentrations (15%) and the higher cost when compared with traditionally used 
sanitizers like sodium hypochlorite (Kunigk and Almeida, 2001).    
     A mixed peracetic system for the disinfection (washing and sanitizing) of lettuce and 
cabbage was approved as an effective alternative to chlorine (Kitis, 2004). Peroxyacetic 
acid has been applied in the treatment of process water (J. D. Hilgren, 2000). POAA also 
is able to inactivate artificially inoculated pathogens on fresh-cut produce. Compared 
with washing with water, a POAA-treatment (40-80 mg/L) reduced the population of L. 
monocytogenes inoculated on iceberg lettuce by 0.8-2.5 log CFU/g (Beuchat et al., 2004; 
Hellstrom et al., 2006; Ruiz-Cruz et al., 2007a). Kim et al. (2006) reported that a short 
treatment of 1 min with 80 mg/L POAA caused reductions of 2.5 log CFU/g sample of 
Enterobacter sakazakii (N0 = 5.7 log CFU/g sample) present on lettuce. With regard to E. 
coli O157:H7, a sanitizing step with POAA resulted in an inactivation of 0.8 log in fresh-
cut lettuce (aerosolized, 10 min) (Oh et al., 2005). For Salmonella in lettuce, only a 0.3-
log reduction was obtained after exposure for 10 min to aerosolized POAA, whereas after 
a traditional dipping treatment (N0 = 5.8 log CFU/g, 40 mg/L, 2 min) a reduction of 1.2 
log CFU/g was obtained (Oh et al., 2005). Moreover, the population reductions for 
aerobic bacteria, coliforms, and yeasts and molds on fresh-cut cabbage, treated with 80 
mg/L peroxyacetic acid, were less than 1.5 log units (Hilgren, 2000).  Allende et al. (2008) 
examined the overall visual quality of fresh-cut lettuce treated with POAA and found the 
treated lettuce was with acceptable scores after 8 days of storage.  
2.4.1.4. Acidified sodium chlorite 
     Acidified Sodium Chlorite (ASC) has been approved by the FDA (21 CFR 173.325) 
as a ‘secondary direct food additive permitted in food for human consumption’ 
specifically as an antimicrobial intervention treatment for poultry carcasses, poultry 
carcass parts, red meat carcasses, red meat parts and organs, seafood, and raw agricultural 
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commodities (WARF, 2001). ASC is a highly effective and broad spectrum antimicrobial, 
whose pH ranges between 2.5 to 3.2 under the presence of any GRAS acid.  
     ASC, with a commercial name of SANOVA, is formed by a reaction between sodium 
chlorite (NaClO2) and citric acid in an aqueous solution. In an ASC solution, the principle 
active ingredient is chlorous acid (HClO2), which is the metastable oxychlorine species. 
Once formed, the chlorous acid gradually decomposes to form chlorate ion, chlorine 
dioxide, and chloride ion. Iodometric titration and UV spectroscopic methods must be 
used to allow an accurate determination of the active concentrations present in an ASC 
solution and to differentiate them from typical chlorine dioxide generating systems.  
     The inactivation efficacy of ASC on microbial population on leafy produce has been 
reported. The study conducted by Allende (2008) demonstrated that ASC washing 
solutions reduced the microbial load in fresh-cut escarole by more 1 log CFU/g than 
water washes with the exception of coliforms load. In addition, the overall visual quality 
of fresh-cut salad leaves treated with ASC remained good (scores ≥6) after 8 days of 
storage. When washing Chinese fermented cabbage with ASC, Inatsu et al. (2005a & 
2005b) reported that the ASC solution reduced the population of E. coli O157:H7 by 2.0 
log CFU/g over washing with distilled water. Allende (2009) also reported a reduction of 
more than 3 log CFU/g in microbial populations including E. coli O157:H7, aerobic 
mesophilic bacteria, and yeast and mold on fresh-cut cilantro after washing with 1000 
mg/L of ASC and about 2 log CFU/g for 250 and 500 mg/L washes. The research of 
Martínez-Sánchez (2006) indicated that ASC (250 mg/L) not only effectively reduced 
microbial growth on wild rocket (Diplotaxis tenuifolia (L.) DC) leaves on the day of 
processing, but also inhibited the microbial growth throughout the shelf life with good 
retention of sensory quality and no detrimental reduction of the antioxidant constituents. 
     It was hypothesized that the antimicrobial effect of ASC was carried out through the 
penetration of the uncharged chlorous acid into bacterial cell walls, and the disruption of 
protein synthesis by virtue of its reaction with specific groups containing amino acids and 
nucleotides. It was also assumed that the undissociated molecule of chlorous acid is more 
active to facilitate proton leakage into cells and also adversely affecting amino acid 
transport (Warf et al., 2001). More studies are needed to elucidate the mode of action 
when using ASC as a sanitizer.  
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2.4.2. Ultrasound  
2.4.2.1. Definition      
     Ultrasound refers to the cyclic sound pressure waves with a frequency beyond the 
upper limit of human hearing (> 20 kHz) (Feng, 2005).  
     In an elastic medium, an acoustic pressure wave oscillation has the form, 
  )cos(, 0   tkxytxy              (1) 
where y0 is the amplitude of displacement; k is the wave number; x is distance along the 
axis of propagation; ω is angular frequency; t is time; and φ is phase difference.  The 
force acting to return the medium to its original position is provided by the medium's 
bulk modulus. 
     Generally, a sound wave is defined by its frequency. The ultrasonic spectrum can be 
divided into two zones, power ultrasound and diagnostic ultrasound (Fig. 2.1). Diagnostic 
ultrasound operates at frequencies of 2 to 20 Mega Hertz (MHz) with sound intensities in 
the range of 0.1 to 1 W/cm2. Power ultrasound refers to those in the frequency range from 
20 kHz to around 1 MHz, with a sound intensity ranging from 10 to 1,000 W/cm2. The 
high energy level available in power ultrasound makes it suitable for use in the food 
industry to enhance processes, including fresh produce surface decontamination.  
2.4.2.2. Mechanism      
     The mode of action of an ultrasound treatment is often ascribed to the activity of 
cavitation. There are two type of cavitation, i.e., transient and stable cavitation. Transient 
cavitation bubbles are voids or vapour filled bubbles, believed to be produced when 
sound intensity is in excess of 10 W/cm2. The radius of bubbles expands to at least twice 
of their initial size within the existence period of one, or at most a few acoustic cycles, 
and then the bubbles collapse violently on compression into smaller bubbles. No mass 
transfer through the bubble by diffusion of gas happens due to the short lifetime of 
transient bubbles, whereas evaporation and condensation of liquid might take place freely.  
     During the implosion of cavitation bubbles, extreme conditions are generated, and the 
local temperatures and pressures can be theoretically calculated by the equations 
(Noltingk and Neppiras, 1950 and 1951; Neppiras, 1980; Flynn, 1964): 
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where T0 is the ambient (experimental) temperature; K is the polytropic index of the gas 
or gas-vapor mixture; P is the pressure in the bubble at its maximum size (usually 
assumed to be equal to the vapor pressure (Pv) of the liquid); and Pm is the pressure in the 
liquid at the moment of transient collapse. The generation of extremely high temperature 
(5,000oC) and pressure (2,000 atm) within these bubbles is believed to be the basis of 
radical production and sonoluminescence. The subsequent release of pressure from 
bubble implosion can cause shock waves which may account for surface cleaning and 
disinfection. The sudden collapse of the bubble also results in a powerful inrush of liquid 
to fill the void, which produces shear forces in the surrounding bulk liquid. In a 
heterogeneous medium, the cavitation bubbles next to a phase interface are violently 
deformed, and the velocity of liquid jet across the bubble towards the interface is 
estimated to hundreds of meters per second. At a liquid-liquid interface, the intense 
movement produces a mutual injection of droplets of one liquid in to the other one, which 
may facilitate the diffusion of sanitizers to the hydrophobic phase. At a solid-liquid 
interface, the water jet will impinge upon the surface during the collapse of transient 
bubbles, and produce the shock on the surface. The collapse might eject the particle from 
solid surface, and increase mass transfer to the surface by the disruption of the interfacial 
boundary layer (see Fig. 2.2). 
     Stable cavitation bubbles are the those containing mainly gas and some vapour 
generated at fairly low sound intensities (1-3 W/cm2), which oscillate, often nonlinearly, 
around some equilibrium size for many acoustic cycles. Mass and heat transfer of gas 
through the bubble by diffusion of gas happens due to the long lifetime. The stable 
bubbles are also accompanied by evaporation and condensation of liquid. Under the 
changing conditions, the stable bubbles can be transformed into transient bubbles, but the 
violence of their implosion will be less than that of the transient bubbles due to the 
cushion effect of gas. Stable bubbles can also continue to grow, float to the liquid-gas 
interface and be expelled to air, which is the process of ultrasonic degassing.  
2.4.2.3. Factors affecting an ultrasound treatment      
     The effectiveness of a power ultrasound treatment is influenced by a number of factors, 
including the frequency and intensity of ultrasound, the solvent, gas type and content in 
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working medium, treatment temperature, geometry of the reactor, uniformity of the 
acoustic field in the treatment chamber, and externally applied pressure.  
     In general, increasing ultrasonic frequency results in a decrease in the intensity of 
cavitation in liquids. At a very high frequency, the rarefaction (and compression) cycles 
are so short that the time is not enough to permit a bubble to grow to a size sufficient to 
cause disruption. Even if a bubble is produced during rarefaction, the time required for 
the bubble to collapse may be longer than that available in the compression half cycle, 
and the resultant cavitation effect will therefore be less at high frequencies.       
     An increase in the intensity of ultrasound results in an increase in the cavitation 
activity. Generally, the ultrasound intensity increases when the sound pressure amplitude 
(PA) increases. The amplitude of an ultrasound generation unit can be changed by 
changing the voltage applied to the transducer. As a result, the output power of an 
ultrasound generation system can be adjusted.  
    The external pressure (Ph) is also a critical factor affecting the intensity of cavitation. 
An increase in Ph leads to an increase in both the cavitation threshold and the intensity of 
bubble collapse. Generally, an increase in Ph can lead to a more rapid and violent collapse.  
This concept has been applied in a process termed mono-sonication where an external 
pressure of 100 to 500 kPa is used to enhance cavitation activities and increase the 
microbial inactivation effect (Lee et al., 2009).  
     Cavitation is difficult to generate in liquids with a high viscosity or with high surface 
tension. The formation of voids or vapour-filled microbubbles (cavities) in a liquid 
requires that the negative pressure in the rarefaction region must overcome the natural 
cohesive forces acting within the liquid. Therefore, a high ultrasonic intensity is required 
for a liquid with high viscosity and surface tension to generate a cavitational bubble. The 
vapor pressure of the liquid also plays a role affecting cavitation, mainly because a vapor-
filled cavity will have diminished cavitation effect due to the cushioning effect.  
     Ultrasound treatment in a medium involving gases with large heat capacity ratio γ 
( vp CC / , where, C is the heat capacity or the specific heat capacity of the gas, suffix 
p and v refer to constant pressure and constant volume conditions respectively) produces 
large cavitational effects from the gas filled bubbles. Therefore, the existence of 
monatomic gases (He, Ar, Ne) is preferred to diatomics (N2, air, O2). The extent of the 
22 
 
effects also depends upon the thermal conductivity of the gas.  The gases with the greater 
thermal conductivity may result in the more dissipation of heat (formed in the bubble 
during collapse) to the surrounding liquid, and thus lower Tmax. Employing gases with 
increased solubility will also reduce both the threshold intensity (by virtue of providing a 
large number of nuclei in the solvent) and the intensity of cavitation. In addition, an 
increase in the gas content of a liquid can leads to a lowering of both the cavitational 
threshold and the intensity of the shock wave from the collapse of the bubble because of 
the increased number of nuclei (or weak spots) present in the liquid and the greater 
“cushioning” effect in the microbubble. Increasing the gas content of liquid also leads to 
an increase in pressure of bubbles and, thus, a decrease in both Pmax and Tmax. As a result, 
in any practical ultrasonic cleaning application, a degassing step is used to remove the 
gases to enhance the process.  
2.4.2.4. Ultrasonic system      
     An ultrasonic system consists of two essential components: a medium through which 
the sound travels to generate cavitation and a transducer which is the source of high-
energy vibrations. An ultrasonic treatment in a liquid medium is also known as sonication. 
In general, ultrasonic transducers are designed to convert either mechanical or electrical 
energy into high frequency sound. There are three types of transducers: gas driven, liquid 
driven, and electromechanical. There have been recent developments in 
electromechanical transducers which have improved their performance. The 
electromechanical transducers can be classified into the piezoelectric and 
magnetostrictive transducers.           
     Currently there are two types of commercially available laboratory ultrasonic 
apparatus: the mechanical system (the whistle reactor) and the electromechanical systems 
(the bath system, the probe system and cup-horn system). Their advantages and 
disadvantages are summarized in Table 2.4.  
     Whistle reactors obtain their energy from the medium by a mechanical flow across a 
blade or an orifice, which are mainly used for homogenization in liquid processing and 
can be installed “on-line”. Ultrasonic cleaning bath is one of the most accessible and 
cheapest pieces of ultrasonic equipment available. The bath is usually made of a stainless 
steel tank with transducers installed on its base. The parameters in a cleaning operation 
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include the power density, the design of ultrasonic vessel, and operation conditions such 
agitation of liquid. Ultrasonic probe system consists of a probe (or sonic horn), a 
transducer, and a generator. Electrical energy at low frequency (50-60 Hz) is first 
transformed to a high frequency (i.e., 20 kHz) corresponding to the frequency of the 
ultrasound by a generator, and to mechanical vibration via the piezoelectric crystals in the 
transducer, which is then amplified by a probe to obtain certain level of ultrasound 
intensity. The vibrational amplitude of piezoelectric crystal is so small that horn design is 
a critical point of ultrasonic engineering. The length of horn should be multiples of half 
wavelengths, while the shape of acoustic horn can be a uniform cylinder, linear taper or 
cone, exponential taper, or stepped cylinder. For the probe system, regardless of the 
designs of horn, the maximum power intensity can be achieved at the radiating tip. This 
can be of the order of several hundred W/cm2. The working frequencies are normally of 
the order 20-40 kHz.  The probe system has common disadvantages: single fixed 
frequency, the generation of radical species with direct sonication, the erosion of the tip 
with prolonged use, and the contamination of small metallic particles.              
     MMM (Multifrequency Multimode Modulated) ultrasonic vibration system is a 
relatively new ultrasound generation concept. It was set up and used for the quality 
evaluation of leafy green produce in this study. This system introduces multifrequency 
and wide band mechanical oscillations inside a tubular reactor. The MMM generator is 
the source of oscillations, permanently in dynamic and evolving interactions with its 
environment. The ultrasonic cavitations in the MMM tubular reactor are more uniform 
than fixed frequency ultrasonic systems due to elimination of standing waves.  
     In an effort to perform a fresh produce ultrasonic cleaning operation, since there is no 
currently used system in the market place, a customized ultrasound system was designed 
and fabricated in this study. The new ultrasonic washing system was set-up and tested for 
microbial inactivation of leafy green produce. The system is composed of two parallel 
transducer boxes inserted into a flowing washing system. The radiation surfaces of two 
ultrasonic boxes face each other and are separated by a distance of 304.8 mm to 609.6 
mm.   
2.4.2.5. Application of power ultrasound      
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     Power ultrasound as a relatively new processing aid has been studied in laboratory set 
up and has found a number of industrial applications in the past fifty years (Table 2.5). 
The lethal effect of ultrasonic waves on microorganisms was firstly reported in 1930s 
(Harvey and Loomis, 1929). Ultrasound as a potential microbial inactivation method was 
not studied until the 1960s (Earnshaw et al., 1995). Most of the researches have been 
concentrated on understanding the mechanism of ultrasound interaction with microbial 
cells in a liquid medium (Hughes and Nyborg, 1962).  
     There were a few reports about how ultrasound technique improved the microbial 
inactivation efficiency for cells attached to a surface. Mott (1998) investigated the 
application of axially propagated ultrasound (APU) at frequencies ranging from 350 to 20 
kHz to one end of water-filled glass tubes for the removal of mineralized Proteus 
mirabilis biofilm. The resulted showed that three 30 s pulses of APU from the 20 kHz 
transducer removed 87.5% of the biofilm. Berrang et al. (2008) reported that quaternary 
ammonium- and chlorine-based chemicals lowered numbers of planktonic cells to less 
than 100 CFU/ml. Approximately 6.0 log CFU/cm2 L. monocytogenes in biofilms was 
detected in the inner wall surface of model polyvinyl chloride drain pipes, and a 30-s 
ultrasound only treatment did not lower these numbers. However, the addition of 30-s 
ultrasonication improved the performance of both quaternary ammonium- and chlorine-
based chemicals by 1.29 and 1.14 log CFU/cm2, respectively. 
     Recently, an increasing attention has been paid to surface decontamination of fresh 
produce with ultrasound. As reported by Seymour et al. (2002), the combination of 
ultrasound with water or chlorinated water enhanced the removal of S. typhimurium 
attached to iceberg lettuce by 1 log CFU/g compared to water or chlorinated alone 
washes. Ajlouni et al. (2006) demonstrated that washing Cos lettuce in various sanitizers 
at different concentrations with ultrasonication (40 kHz) reduced the microbiological 
counts by 1 to 2.5 log CFU/g immediately after washing, but ultrasonication of Cos 
lettuce did not have significant improvement in bactericidal effects (p > 0.05) on the total 
or psychrophilic counts, nor did it have significant effects (p > 0.05) on the total or the 
psychrophilic counts during storage at 10°C. The total plate count in Cos lettuce reached 
9.74 ± 0.035 log CFU/g after ultrasonication (2 min at 50°C) in chlorinated water (100 
mg/L) after 6 days of storage at 10°C. Moreover, the extension of treatment time (40 kHz) 
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to 20 min did not improve the bactericidal effect of ultrasonication. However, long-time 
ultrasonication (20 min) caused significant (p < 0.05) damage to the quality of Cos 
lettuce tissues. Huang et al. (2006) reported that the treatment of ClO2 with 170-kHz 
ultrasonication resulted in 2.26 to 2.97 log reductions in Salmonella and 1.36 to 2.26 log 
reductions in E. coli O157:H7 on inoculated lettuce, while using combined ClO2 and 
ultrasonication to treat 4.48×104 CFU/g Salmonella-and 1.07×105 CFU/g E. coli 
O157:H7-inoculated apples, the bacterial reductions were 3.12 to 4.25 and 2.24 to 3.87 
log, respectively. A similar result was obtained by Huang et al. (2006) where additionally 
up to 1 log cycle was reduced for S. enterica and E. coli O157:H7 on apples by an 
ultrasound and chlorine dioxide combined treatment, whereas no obvious increase in log 
reduction was observed for E. coli O157:H7 inoculated on lettuce. It has also been 
demonstrated that ultrasound in combination with 1% calcium hydroxide enhanced the 
decontamination efficacy on alfalfa seeds inoculated with S. enterica and E. coli 
O157 :H7 (Scouten and Beuchat, 2002).  
     Obviously, contradictory results about the efficacy of ultrasound-assisted fresh 
produce treatments can be seen from the published reports (Ajlouni et al. 2006; Huang et 
al. 2006).  The lack of effectiveness might be caused by the ultrasonication system and/or 
the operational procedures used in those disinfect treatments. There are a few key factors 
that have to be considered when applying ultrasound to a produce wash operation. For 
instance, dissolved gas in a washing solution is known to decrease the cavitation activity 
in a cleaning operation (Awad 2009), and, therefore, degassing is essential for any 
ultrasonic cleaning applications. Moreover, the acoustic field distribution in an ultrasonic 
treatment chamber or tank is not uniform, mainly due to a standing wave formation. The 
nonuniform ultrasound field distribution and hence the nonuniform cavitation will result 
in variations in microbial inactivation activities at different locations in a washing tank. 
Consequently, during a wash treatment, those produce leaves that have received a good 
dose of ultrasound treatment and thus have a low microbial count would be easily cross-
contaminated by neighboring leaves that have received less ultrasound treatment due to 
blockage of produce leaves to ultrasound propagation in the wash liquid and hence have a 
high microbial population due to an un-even acoustic field distribution. A good 
understanding of the underlining principles of power ultrasound, as well as a good design 
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in wash system and operation procedure is absolutely a prerequisite for fully utilizing the 
power of ultrasound in produce decontamination applications. In addition, the efficacy of 
ultrasound is also affected by ultrasound frequency, power level, the size and shape of the 
ultrasonic bath, the depth, volume, temperature and nature of the liquid, and treatment 
time (Jeng et al., 1990; Zhou et al., 2009).  
     Therefore, to increase the efficacy of an ultrasound treatment and to meet the 
requirement of the FDA and consumers, a good understanding of the interactions 
between ultrasound, system design, washing liquid properties, and produce is critical to a 
successful ultrasound-assisted wash.  
2.5. Regulations for produce industry 
     A big challenge for current systems of food supply, especially for fresh and fresh-cut 
produce is the delivery of risk-free food products and services. An inherent problem in 
current food safety control system is the presence and subsequent cross-contamination of 
enteric pathogens on fresh and fresh-cut produce. Risk analysis is a powerful tool for 
improving food safety and public health protection, and generally consists of three parts: 
risk assessment, risk management, and risk communication. Risk assessment is broadly 
defined as the use of scientific data to identify, characterize, and measure hazards, and 
has four components being both quantitative and qualitative: hazard identification, 
exposure assessment, hazard characterization and risk characterization. Risk management 
is recently centered on the concept of Food Safety Objectives (FSOs). According to the 
definition by the International Commission on Microbiological Specifications for Foods 
(ICMSF, 1997, 2002), a food safety objective (FSO) refers to the maximum frequency 
and/or concentration of a microbiological hazard in a food at the time of consumption 
that provides the appropriate level of protection. FSO provides a practical means to help 
regulatory agencies and industry realize public health goals, establish inspection 
procedures, and design control processes. Based on the principles of FSO, good 
agricultural practices (GAP), good manufacturing practices (GMP) and hazard analysis 
and critical control point (HACCP) are set up to minimize the hazard and prevent 
recontamination in the farm-to-table process.  
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     Good Agricultural Practices (GAP) refers to a set of specific methods resulting in the 
harmony values of the proponents of those practices, which can provide ingredients with 
improved microbiological safety. Normally, GAP in the supply of produce covers the 
whole process from farm to table relating to soil, manure, water, animal production, 
health and welfare, and the health care and public health. Good management practices 
(GMP) refers to general practices to reduce microbial food safety hazards, and establishes 
basic standards for facility sanitation and hazard control for food safety control. GMP 
specifies the conditions and practices for the basic environmental necessary for the 
production of safe, wholesome food. GMP in the supply of produce covers each segment 
of the food industry and are well defined and established in post-harvest food processing 
the supply chain from produce processing to table relating to produce and the relative 
facilities. GMP also covers sanitation issues, such as equipment design and cleaning, and 
pest control. These conditions and practices, many of which are specified in federal, state, 
and local regulations and guidelines, are now considered to be prerequisite to the 
development and implementation of effective HACCP plans (NACMCF, 1998). HACCP 
is a systematic method for the safety control of food industry by establishing the critical 
control points with the process/product criteria and the conditions that must be met into a 
specific set of critical limits for the process. HACCP also monitors and files the control 
process, applies microbiological criteria and testing, and verifies the processing safety 
objectives.   
     For instance, in The Guide to Minimize Microbial Food Safety Hazards for Fresh 
Fruits and Vegetables published by FDA’s Center for Food Safety and Applied Nutrition 
(FDA/CFSAN, 1998), basic principles are listed to guide farmers and farm workers on 
pre-harvest safety including manure, irrigation water, the location of the field, livestock, 
animal operations, traffic of wild and domestic animals in produce fields (FDA, 1998). 
The hygiene of field workers should be maintained, monitored and enforced. All 
employees should be properly trained to follow good hygienic practices (FDA/CFSAN, 
1998). The Guidance for Industry Reducing Microbial Food Safety Hazards For Sprouted 
Seeds was published by FDA/CFSAN in 1999, which provided the general rules for 
industries in the production of sprouts including seed producers, seed conditioners, and 
distributors, and sprout producers in order to reduce the risk of raw sprouts serving as a 
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vehicle for foodborne illness and ensure sprouts are not adulterated under the food safety 
provisions of the Food, Drug, and Cosmetic Act (the act) (FDA, 1999a). The Guidance 
For Industry Sampling And Microbial Testing Of Spent Irrigation Water During Sprout 
Production was published by FDA/CFSAN in 1999, which assists sprouters in 
implementing one of the principal recommendations in the broader sprout guidance, i.e., 
that producers test spent irrigation water for two pathogens (Salmonella spp. and E. coli 
O157:H7) before product enters commerce (FDA, 1999b). Instructions are also provided 
for the sampling and testing of sprouts for those instances when it is not possible to test 
spent irrigation water. In 2008, the U.S. Department of Health and Human Services and 
FDA/CFSAN published the Guide to Minimize Microbial Food Safety Hazards of Fresh-
cut Fruits and Vegetables (Guidance for Industry), which is intended for all fresh-cut 
produce processing firms to enhance the safety of fresh-cut produce by minimizing the 
microbial food safety hazards (FDA, 2008). The Guide to Minimize Microbial Food 
Safety Hazards of Leafy Greens; Draft Guidance (Guidance for Industry) was published 
by U.S. Department of Health and Human Services and FDA/CFSAN in 2009, which was 
intended for firms exporting leafy greens into the U.S. by recommending practices to 
minimize the microbial food safety hazards of the products throughout the entire leafy 
greens supply chain (2009a). The Draft Guidance of Guide to Minimize Microbial Food 
Safety Hazards of Melons (Guidance for Industry) was published by U.S. Department of 
Health and Human Services and FDA/CFSAN in 2009, which assists industries by 
recommending practices to minimize the microbial food safety hazards of their products 
throughout the entire melon supply chain (2009a). The Draft Guidance of Guide to 
Minimize Microbial Food Safety Hazards of Tomatoes; (Guidance for Industry) was 
published by U.S. Department of Health and Human Services and FDA/CFSAN in 2009, 
which assists firms by recommending practices to minimize the microbial food safety 
hazards of their products throughout the entire tomato supply chain (2009a).  
2.6. Techniques for measuring produce surface characteristics 
2.6.1. Profilometer 
     Profilometer is an instrument used to measure a surface profile in order to quantify its 
roughness.  
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2.6.1.1. Contact profilometers 
     Contact profilometers are widely used in the machining industry. The contact mode of 
surface measurement has an advantage in dirty environments where non-contact methods 
can end up measuring surface contaminants instead of the surface itself. However, 
because the stylus is in contact with the surface, this method is not sensitive to surface 
reflectance or color. The stylus tip radius can be as small as 20 nanometers, significantly 
better than white-light optical profiling. In the early twentieth century, crude portable 
"profilometers" were developed to give a semi-quantitative measurement of the surface 
roughness on machined surfaces.  
     Contact profilometer can use a low loading down to a few mg force so that the stylus 
will not damage soft surfaces and coatings. The sample must be leveled so the profile 
remains within the height sensitivity range of the detector, or a linear variable differential 
transformer (LVDT). For contact profilometer, a diamond stylus is moved vertically in 
contact with a sample and then moved laterally across the sample for a specified distance 
and specified contact force. A profilometer can measure small surface variations in 
vertical stylus displacement as a function of position. A typical profilometer can measure 
small vertical features ranging in height from 10 nanometres to 1 millimeter. The height 
position of the diamond stylus generates an analog signal which is converted into a digital 
signal stored, analyzed and displayed. The radius of diamond stylus ranges from 20 
nanometers to 25 μm, and the horizontal resolution is controlled by the scan speed and 
data signal sampling rate. The stylus tracking force can range from less than 1 to 50 
milligrams. However, mechanical profilers take data sequentially along a line, so they are 
considerably slower than optical profilers. If the stylus speed is too fast, the stylus skips 
over parts of the surface and misses finer surface details. If the stylus speed is too slow 
and the sampling distance is short, nonlinear drift can occur during data acquisition that 
cannot be corrected, yielding a curvature artifact on the surface. Additionally, the large 
number of data points may overfill the allocated memory and will be too large to process 
rapidly.  
2.6.1.2. Non-contact profilometers 
     Optical profilers are widely used for non-contact three-dimensional profiling of 
surfaces. All measurements are nondestructive, fast, and require no sample preparation.  
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     Optical profilers are used to measure height variations—such as surface roughness—
on surfaces with great precision using the wavelength of light as the ruler. Optical 
profiling uses the wave properties of light to compare the optical path difference between 
a test surface and a reference surface. Inside an optical interference profiler, a light beam 
is split, reflecting half the beam from a test material which is passed through the focal 
plane of a microscope objective, while the other half of the split beam is reflected from 
the reference mirror. When the distance from the beam splitter to the reference mirror is 
the same distance as that from beam splitter to the test surface, the split beams are 
recombined. This creates the light and dark bands known as interference fringes. Since 
the reference mirror is of a known flatness—that is, it is as close to perfect flatness as 
possible—the optical path differences are due to height variances in the test surface. The 
detector array used in optical profilers has a fixed number of pixels, normally 1024 × 
1024, for images taken with all microscope objectives. The surface area corresponding to 
one pixel in the array depends on the wavelength of the illumination, microscope 
magnification, diffraction limit of the microscope objective, spacing between pixels, and 
other factors.  
     These profilers typically use phase-shifting interferometric (PSI) techniques, and 
scanning white-light interferometry (SWLI). A majority of commercial optical profilers 
use the principle of phase measuring interferometry (PMI) for accurately measuring small 
surface roughness (less than λ/2). The first PSI profiler was developed by Gary 
Sommargren (1981). Later, a limited number of instruments were manufactured by the 
Zygo Corporation. A schematic diagram of this instrument is shown in Figure 2.3.  
     The white light interferometer (WLI) follows the Michelson interferometer design but 
is used for a different application. The first commercial instrument became available 
around 1993. The WLI, shown schematically in Figure 2.4, operates on a different 
principle from the PMI. The white light source contains a continuum of all wavelengths 
in the visible spectral region and the reference surface is perpendicular to the optic axis of 
the instrument, in the configuration of a Michelson interferometer. During a measurement, 
the beam splitter and reference surface moves in one direction away from the surface. 
2.6.2. Confocal laser scanning microscope 
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     Confocal laser scanning microscopy (CLSM, Figure 2.5) is designed to obtain high-
resolution optical images with depth selectivity to acquire in-focus images from selected 
depths through optical sectioning. Images are acquired by means of a focused laser beam 
and reconstructed to three-dimensional images of topologically complex objects.  The 
principle of confocal microscopy was firstly proposed by Marvin Minsky in 1953, while 
the first laser scanning process was design in 1978 (Cremer, 1978).  
     During scanning process of a confocal laser scanning microscope, passing through an 
aperture, a laser beam is focused by an objective lens into a small focal volume within or 
on the surface of a specimen. Scattered and reflected laser light as well as any fluorescent 
light from the illuminated spot is then re-collected by the objective lens. The light is 
separated by a beam splitter, and some portion of it goes into the detection apparatus 
through a filter. The light intensity is detected by a photodetection device (usually a 
photomultiplier tube (PMT) or avalanche photodiode) after passing a pinhole (Fellers and 
Davidson, 2007). The light out of focus is obstructed, which results in sharper images 
than those from conventional fluorescence microscopy techniques (Pawley, 2006). The 
beam is scanned across the sample in the horizontal plane by using one or more 
oscillating mirrors. Surface profile information can be collected from different focal 
planes by raising or lowering the microscope stage or objective lens. A computer can be 
used to generate a three-dimensional picture of a specimen by assembling a stack of these 
two-dimensional images from successive focal planes.  
     Confocal microscopy provides the capacity for a high accurate scanning with a 
minimum of sample preparation as well as a marginal improvement in lateral resolution. 
Fluorescent dyes are often used as good labels in biological samples.  
2.6.3. X-radia MicroCT 
     Micro X-ray Computerized Tomography (μ-XCT) is a non-destructive analytical 
technique providing a cross sectional image of an object using a computer and a 
reconstruction algorithm to calculate the image from X-ray attenuation profile data.  
     Figure 2.6 shows the basic set-up of a μ-XCT system. An X-ray source, an opposite 
placed X-ray detector and an object rotation platform form the main parts of a μ-XCT 
scanner. During a scanning process, the specimen is irradiated with X-rays being 
attenuated when penetrating materials. All the material composition, thickness and 
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density along the X-ray path affect the absorbed intensity. A 1-D linear detector or a 2-D 
detector screen is applied in the system for collecting the resulting transmission 
intensities. The object also can rotate at minimal over 180 degrees to obtain attenuation 
profiles at different angles required for reconstructing three-dimensional information. The 
entire system is computer controlled. During scanning the attenuation profile data are 
continuously measured and transferred in real-time to a high-speed processor for image 
reconstruction of the cross section of the object. X-ray-computed tomography gets a 
series of 2D radiographic images of a specimen, reconstructs a 3D “tomographic” image 
of the specimen based on the structural density, and discerns variations in 3D structural 
density (Feldkamp et al., 1984). The cubic volume elements and the data can be extracted 
in any arbitrary direction. An area detector is adopted for a more efficient collection of 
the X-ray illumination of a specimen. The X-ray source can be set with an acceleration 
voltage from 0 kV to 225 kV, thus allowing control over the maximum energy of the X-
ray spectrum (Ribia et al., 2008).  
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2.8. Figures and Tables 
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Figure 2.1 Ultrasound spectrum. 
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Figure 2.2 Liquid jet induced by cavitation at a liquid-solid surface (Mason, 2002). 
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Figure 2.3 Zygo® NewView™ 7000 Series 3D Optical Surface Profiler and the optical 
measuring head of a Sommargren interferometer (Sommargren 1981). 
 
 
 
 
Figure 2.4 Veeco® Wyko NT9100 Optical Profiler and a white-light interferometer 
(Bennet 1999). 
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Figure 2.5 Confocal laser scanning microscopy. 
 
 
Figure 2.6 A Micro X-ray Tomography system (Coenen et al. 2004) 
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Table 2.1 Five categories of the diarrheagenic E. coli. (Neill et al. 1994). 
Name Hosts Description 
Enteropathogenic E. 
coli (EPEC) 
causative agent of 
diarrhea in humans, 
rabbits, dogs, cats 
and horses 
EPEC utilizes an adhesion to bind host intestinal cells 
and causes diarrhea, but lack fimbriae, ST and LT 
toxins. Adherence to the intestinal mucosa causes a 
rearrangement of actin in the host cell, causing 
significant deformation. EPEC cells are moderately-
invasive (i.e. they enter host cells) and elicit an 
inflammatory response.  
Enterotoxigenic    E. 
coli (ETEC) 
causative agent of 
diarrhea (without 
fever) in humans, 
pigs, sheep, goats, 
cattle, dogs, and 
horses 
ETEC uses fimbrial adhesins (projections from the 
bacterial cell surface) to bind enterocyte cells in the 
small intestine, and most commonly causes diarrhea in 
children in the developing world and traveler's diarrhea. 
It can produce two proteinaceous enterotoxins: LT and 
ST.  ETEC strains are non-invasive, but the enterotoxins 
cause cGMP accumulation in the target cells and a 
subsequent secretion of fluid and electrolytes into the 
intestinal lumen. 
Enteroinvasive     E. 
coli (EIEC) 
found only in humans EIEC causes a syndrome like Shigellosis with profuse 
diarrhea and high fever. 
Enterohemorrhagic 
E. coli (EHEC) 
found in humans, 
cattle, and goats 
EHEC uses bacterial fimbriae for attachment and causes 
hemolytic-uremic syndrome and sudden kidney failure. 
EHEC is moderately-invasive and possesses a phage-
encoded Shiga toxin that can elicit an intense 
inflammatory response. The most famous member of 
this virotype is strain O157:H7, which causes bloody 
diarrhea and no fever.  
Enteroaggregative E. 
coli (EAEC) 
found only in humans EAEC binds to the intestinal mucosa to cause watery 
diarrhea without fever. EAEC aggregates tissue culture 
cells through fimbriae. EAEC is also non-invasive, but 
produces a hemolysin and an ST enterotoxin similar to 
that of ETEC. 
 
 
 
Table 2.2 Outbreaks linked to contaminated leafy green-produce*. 
Year Vehicle Number of CASES STATES
1993 Salad 53 WA 
1995 Lettuce (leafy green; red; romaine) 70 MT 
1995 Lettuce (romaine) 20 ID 
1995 Lettuce (iceberg) 39 ME 
1995 Lettuce (iceberg; unconfirmed) 11 OH 
1996 Lettuce (mesclun; red leaf) 61 CT, IL, NY 
1998 Salad 2 CA 
1999 Lettuce (iceberg) 72 NE 
2002 Lettuce (romaine) 29 WA,ID 
2003-2004 Lettuce (mixed salad) 57 CA 
2004 Spinach 16 CA 
2005 Lettuce (romaine) 32 MN, WI, OR 
2006 Spinach 199 26 states 
2008 Lettuce, spinach 38 in MI MI, WA 
 *Based on information gathered by the Center for Science in the Public Interest.  
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Table 2.3 Summary of currently used mitigation methods in the disinfection of fresh-produce.  
Produce Microbe Sanitizer solution 
Washing conditions 
Max Log reduction Comments Reference Ratio Time (min) Temp. (ºC) Agitation 
Lettuce Natural microflora Chlorine,  1/60 5 Room 
Stir ,30rp
m 
0.67 SEM Adams, et al. 
(1989) 
Lettuce  
Cabbage  
Listeria 
monocytogenes Chlorine, Chlorine dioxide, Salmide
R 1/10 1, 2, 5, 10 4 and 22 Stir, 1rpm 
Lettuce: 1.7 
Cabbage: 1.8 
Effect of 
treatment time 
Zhang & 
Farber (1996) 
Lettuce E. coli O157:H7  L. monocytogenes Electrolyzed water 1/30 1, 3 22  
Shaking, 
100rpm 
2.4 (E. coli), 2.7 (Listeria), on top of 
reduction of H2O 
 Park, et al. (2001) 
Lettuce E. coli O157:H7 A fruit and vegetable washing solution NA 3 22 NA 1.1 CSLM 
Takeuchi &  
Frank (2001) 
Spinach Natural microflora Chlorine 
1/10, 
1/26 2, 5 4 
Stir, 
60rpm 2-3 
Optimization with 
the Response 
Surface 
Methodology 
(RSM)  
Pirovani, et al 
(2001) 
Lettuce Natural microflora AEW, Ozonated water, NaOCl 1/20 1, 5, 10 Room NA AEW, 2; Ozonated water, 1.5; NaClO, 2 
Effect of 
treatment time 
Koseki, et al. 
(2001) 
Iceberg 
lettuce 
E. coli CDC 1932 
Natural 
microflora 
Apple cider vinegar (A), White 
vinegar (W), Bleach (B), Lemon 
juice (L) 
NA 1, 5, 10 4 and Room  200rpm  E. coli: 2.7(A), 1.6(B), 2.1(L), 5.4(W) Effect of treatment time  
Vijayaku-mar 
& Wolf-Hall 
(2002) 
Lettuce E. coli O157:H7  
Aqueous chlorine dioxide (ACD), 
Aqueous ozone (AO),  
Suspension of thyme oil (TO) 
1/20, 1/5 2, 5, 10 22 1~3 times 120rpm 
Single wash: 
Dip: 1.2-1.9; Drop :  2.8-4.1;-Sprinkle: 1.6-
2.1 
Multistage wash:  
0.3-0.7 more 
1) Multistage 
wash 
2) Effect of 
treatment time 
Singh, et al. 
(2002) 
Iceberg 
lettuce L. monocytogenes 
Sodium hypochlorite and Tsunami 
100 1/20 1, 2, 5 Room 
Shake,120
rpm Sodium hypochlorite, 1.1; Tsunami, 1.4 
Effect of 
treatment time 
Szabo, et al. 
(2003) 
Lettuce Natural microflora Chlorine 
1/20, 
1/35, 
1/50 
2, 5, 8 4 60rpm 3.9 
Optimization of 
washing 
conditions by 
RSM    
Pirovani, et al. 
(2004) 
Lettuce  
Curly Parsley 
E. coli O157:H7  
Salmonella spp. 
L. monocytogenes  
Chlorine 1/10 5 Room 150rpm Lettuce: E. coli (1.8) Parsley: E. coli (3.4)  
Lang, et al. 
(2004) 
Iceberg 
lettuce 
Natural 
microflora Chlorine, Ozonated water 
Pilot plant scale under the operating conditions of 
industrial practice. ~2  
Baur, et al. 
(2004) 
Lettuce and 
other produce 
E. coli O157:H7 
L. monocytogenes 
Chlorinated trisodium phosphate 
(CTP), 
Peroxyacetic acid, Chlorine 
dioxide,Ozone 
NA 3 (cut) 5 (whole)  21-23 NA 
Ozone and chlorine dioxide, ~5.6; PA, 
~4.4; CTP, ~4.9;    
Rodgers, et al. 
(2004) 
Iceberg 
lettuce 
Romaine 
lettuce 
L. monocytogenes Peroxyacetic acid (Tsunami 100) 1/100 0.5 4 by hand  
Low inoculation: 1.3 
Medium:  1.1 
High: 1.8 
 Beuchat, et al. (2004) 
50 
 
Table 2.4 A comparison of the electromechanical ultrasonic apparatus. 
Ultrasonic cleaning bath 
Advantages 
 The most widely available laboratory source of ultrasonic irradiation 
 Fairly even distribution of energy through reaction vessel walls 
 No special adaptation of reaction vessels required  
Disadvantages  
 Reduced power compared with probe system 
 Fixed frequency (and different frequencies depending on type) 
 Poor temperature control 
 Position of reaction vessel in bath effects intensity of sonication  
Ultrasonic probe (or horn) system 
Advantages 
 High powers available (no losses due to transfer through vessel walls) 
 Probes can be turned to give optimum performance at different powers 
Disadvantages  
 Fixed frequencies 
 Difficult temperature control 
 Radical species may be generated at the tip 
 Tip erosion may occur leading to contamination by metallic particles  
Cup-Horn 
Advantages 
 Better temperature control than a cleaning bath 
 Power control like a sonic horn but less intense 
 Little chance of radical formation in the reaction vessel 
 No fragmentation of metal into reaction from the horn tip 
Disadvantages  
 Reduced power compared to horn 
 Limited volume of reaction cell 
 Fixed frequency 
Table 2.5 Application of power ultrasound in food processing. 
Mechanism Application 
Mechanical 
effects 
Crystallization of fats, sugars, etc.; 
Degassing; 
Destruction of foams; 
Extraction of flavorings; 
Filtration and drying; 
Freezing; 
Mixing and homogenization; 
Precipitation of airborne powders; 
Tenderization of meat; 
Food cutting; 
Cleaning and disinfection of food products and processing equipments; 
Chemical and 
Biochemical 
effects 
Bactericidal action; 
Effluent treatment; 
Modification of growth of living cells; 
Alteration of enzyme activity; 
Oxidation; 
Sterilization of equipment; 
Food preservation; 
Separation process; 
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CHAPTER 3 
EFFECT OF POWER ULTRASOUND ON THE QUALITY OF LEAFY GREEN 
PRODUCE 
 
ABSTRACT 
  
     The frequent outbreak of human pathogen infections associated with the consumption 
of leafy green produce poses a challenge to the currently used produce safety intervention 
technologies. Current produce washing with sanitizers in industrial scale operations can 
only achieve 1- to 2-log CFU/g reduction in microbial population. The combination of 
ultrasonication and selected sanitizers can potentially be used to improve the microbial 
safety of leafy green produce. However, it has been reported that acoustic cavitation 
induced biological changes in plant tissues, including cell damage under certain energy 
density.  It is therefore crucial to understand the interactions between ultrasound and 
plant tissues by examining the produce quality changes after a sonication treatment.  
     This study was undertaken to examine the effect of ultrasonication on the quality of 
leafy green produce. Selected leafy greens (100 g) were packed into a sample holder, put 
into a MMM tubular reactor (34 kHz) containing 2 L of pre-cooled tap water at 5°C, and 
treated for different period. Treated samples were placed in plastic film bags (OTR 380) 
and stored for three weeks. At day 0, 7, 14 and 21, leafy green produce were sampled for 
sensory evaluation by a trained panel and for tissue damage evaluation using electro-
conductivity rate. 
     After 14 days of storage, the overall quality of the leafy green produce treated by 
ultrasonication for 2 min was still acceptable to the trained panelists. There was no 
significant difference in the overall quality between ultrasonication and no-treatment 
samples after 14 days of storage, although a significant difference in electro-conductivity 
rate was observed.  In conclusion, the ultrasound treatment had no significant effect on 
the quality of leafy green produce at acoustic power density of < 80W/L.   
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3.1. Introduction  
     The market of fresh and fresh-cut produce has been growing rapidly, driven by strong 
consumer demand for convenient, fresh and nutritious food. In North America, the annual 
sales of fresh produce have reached approximately $10 billion in 2008, with leafy green 
salad accounted for 15% of the fresh-cut market (Luo et al., 2009).  An estimated 6 
million packs of bagged produce were sold within North America on a daily basis (Doyle 
and Erickson, 2008). As a ready-to-eat food, the requirement to fresh-cut produce is to be 
free of human pathogens (Jorgen, 2005). In reality, because of possible contacts with 
different contamination sources before, during, and after harvesting, including human and 
animal wastes, birds, insects and soil, fresh produce is highly vulnerable to contamination 
by human pathogens (Geldreich and Bordner, 1971). It has been noticed that, from 1996 
to 2005, leafy green consumption increased by 9.0%, while the foodborne illness cases 
associated with leaf green increased 38.6% (Calvin, 2007).    
     The frequent outbreak of human pathogen infections associated with the consumption 
of leafy green produce poses a challenge to the currently used produce safety intervention 
technologies. Current washing processes with sanitizers in industrial scale operations can 
only achieve 1- to 2-log CFU/g reduction in microbial population (Ruiz-Cruz et al., 2007). 
Efforts have been made in recent years to develop more effective produce surface 
decontamination methods to improve produce safety.  
     Ultrasonication has been reported to potentially enhance the efficacy of selected 
sanitizers and improve the microbial safety of leafy green produce (Seymour et al., 2002; 
Scouten and Beuchat, 2002; Zhou et al., 2009). Similar to microorganisms, fresh produce 
is also a living biological system. Theoretically, ultrasound cavitation can generate 
extremely high temperature (5,000oC) and pressure (202 MPa) at localized spots 
(Noltingk and Neppiras, 1950 and 1951; Neppiras, 1980; Flynn, 1964). Kato et al. (2002) 
reported that pressure above 100 MPa can cause reversible phase transition of lipid 
bilayer, and dissociation and conformational changes of protein subunits, while pressure 
above 200 MPa may damage cell organelles in plant cells. Using the physical energy of 
ultrasound to eliminate pathogenic microorganisms may also cause damage to produce.  
It has been reported that ultrasonic cavitation events induced biological changes both in 
vitro in aqueous media and in plant tissues (Nyborg, 1978). During the process of 
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acoustic cavitation, gas- or vapor-filled nuclei forms, and grows into bubbles by gaseous 
diffusion. ter Haaert et a1. (1979) reported cavitation-induced cell damage under certain 
energy density, attributing the highly localized tissue damage partly to the high 
temperatures and pressures associated with the unstable collapse of a bubble. Potentially, 
both thermal and non-thermal were involved in micro-scales in the interaction between 
ultrasound with tissue. Acoustic microstreams formed during the oscillation of stable 
bubbles in the ultrasonic field (Miller et a1., 1979) which can generate shear forces and 
leaded to tissue damage and cell disruption (Elliot and Hallenbeck, 1975). The formation 
of microstreams associated with these pulsations was dependent on the intensity of 
ultrasound energy. Miller (1979) reported that the intensity thresholds for cell death of 
aquatic plant Elodea were largely dependent on frequency, and were 75 mW/cm2 at 0.65 
MHz and 180 mW/cm2 at 5 MHz for a 100 s treatment. Martin and Gemmell (1979) 
found that, in the leaves of the aquatic plant Elodea, the energy threshold is 0.03 J/m3 at 
700 kHz and 0.01 J/m3 at 3 MHz, equivalent to an average intensity of 5 mW/cm2 and 15 
mW/cm2 in the standing wave field, respecticely. It has also been suggested that 
ultrasound can damage plant tissue by acoustically stimulated oscillation of pockets of 
intercellular gas with diameters of 1-15 µm (Nyborg et al., 1975; Gershoy et al., 1976). 
They can oscillate with the ultrasound peak intensity of 40 mW/cm2 at a frequency of 2 
MHz (Martin et al., 1978).  
     Ultrasonication can only be applied if no unacceptable damage to produce is assured.  
Therefore, this study was carried out to examine the quality changes of selected produce 
after an ultrasound treatment and during storage by monitoring the electrolyte leakage, 
color, texture, and visual observation of selected quality attributes by a trained panel. The 
acoustic power density (APD) threshold without causing unacceptable damage after a 
two-week storage was determined with selected leafy produce, including iceberg lettuce, 
romaine lettuce, loose-leafy lettuce, baby spinach and lollo rosso.   
3.2. Materials and Methods 
3.2.1 Acoustic power density determination  
     In the first test, ultrasound generator input power densities of 0, 100, 200, 300, 400, 
and 500 W/L were applied with a probe system (20 kHz, Sonics VC650). A single 
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spinach leaf was placed into a 1 L jacket glass beaker contaning 300 mL distilled water. 
A metal net was used to hold the leaf in the water to make sure that the whole leaf was at 
a location below the ultrasonic probe during a treatment. The ultrasonic probe (19 mm in 
diameter) was placed 20 mm from the bottom of the beaker. The treatment time was 2 
min, during which a magnetic stir bar was used to agitate the sample. The treated spinach 
leaves were dried by paper, and then the leaf damage was examined with naked eye and 
photos.  
     Acoustic power density (W/L) applied to the washing solution by ultrasound was 
estimated (Baumann et al., 2005). The calorimetric method as described by Manãs et al. 
(2000) was used to calculate the acoustic power with the following equation:   
                                                 
dt
dT* Cp* M  (W)Power                                                   (1) 
where (dT/dt) is the change in temperature over time (K/s), Cp is the specific heat of the 
substances (J/kg K), and M is the mass (in kilograms). In power measurement, 
ultrasonication was applied to 2300 mL of distilled water in the MMM (multifrequency, 
multimode, modulated) system (M P Interconsulting, Marais 36, 2400 Le Locle, 
Switzerland) or 300 mL of distilled water in the Sonics VC650 probe system (Sonics, 
Newtown, CT, USA) for 16 min, with temperature measurements taken every 15 s. The 
specific heat of distilled water (4,187 J/Kg K) was used for calculation.   
     In the second test, different treatment times (1, 2, 4, 8 and 16 min) were applied with 
the MMM system with a central frequency of 34kHz under the acoustic power density of 
81.38 W/L. Baby spinach leaves, loose-leafy lettuce, lollo rosso and romaine lettuce were 
transported overnight from a company in California to University of Illinois. The inner 
diameter of the MMM reactor was 38.1 mm. A sample holder was designed and 
manufactured, and was used to hold cut produce samples. For romaine lettuce and loose-
leafy lettuce, two outer layers were removed, and inner layers were sliced to 25.4 × 25.4 
mm pieces, and treated. For baby spinach and lollo rosso, whole leaves were directly 
treated. 100 g samples were packaged into the sample holder, and the holder was pushed 
into the tubular reactor, which was filled with pre-cooled tap water at 5°C. After a 
treatment, the water was drained, and the holder was pulled out. The treated produce 
samples were packaged with OTR (oxygen transmission rate) film of 8.0 pmol O2/s m2 Pa, 
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and stored three weeks at 1ºC. At day 0, 7, and 14, the produce were sampled and tested 
for visual quality and electro-conductivity rate (ECR). For ECR, five grams of each 
sample were incubated at 23°C in 100 mL glass bottles containing 50–70 ml deionized 
water. During incubation, samples were agitated using a shaker at a speed of 100 rpm. 
Electrical conductivity of the bathing solution was measured at 1 min (C1) and 60 min 
(C60) of incubation using an Accumet Basic AB30 conductivity meter (Fisher Scientific). 
The samples were then autoclaved (121°C) for 25 min, and total conductivity (CT) of 
bathing solution was measured after cooling. Electrolyte leakage (E) was calculated from 
the following equation: E = (C60-C1)/CT ×100 (Fan et al., 2005). 
3.2.2. Quality evaluation  
3.2.2.1. Instrumental analysis 
Hunter color A Minolta CR-300 Chroma Meter (Minolta Corporation, Ramsey, NJ) was 
used to assess changes in produce color using the CIELAB system. The color meter was 
calibrated using standard white and black plates. The color readings from different part of 
the produce, i.e., lettuce ribs and leaves were recorded separately. Three readings was 
made on each sample from each package and the mean values were reported for L* 
(lightness), a* (redness), and b* (yellowness). To evaluate the sample color in the three-
dimensional color space, hue angle and chroma (saturation) were calculated, where hue 
angle=tan-1 (b*/a*) and sample chroma = (a*2+b*2)1/2 (McGuire, 1992). 
Texture Firmness of the samples was determined using a Kramer Shear Press with 5 
blades (TA-91) attached to a TA-XT2 Texture Analyzer (Texture Technologies 
Corporation, Scardale, NY). This method has been commonly used to measure firmness 
of some products, i.e. vegetables, bread, and cake (Bourne, 1997). Twenty gram samples 
were cut to a size of 25.4 × 25.4 mm and placed into a sample holder (internal 
dimensions 82×63×89mm), and the five flat plate (1.5-mm thickness) plunger was forced 
through the sample. The probe was set at a height of 65 mm from the bottom of the five 
fat-plate plunger and moved downward at 1.0 mm/s. The maximum force (N) and work (J) 
until shear (cutting) was recorded by the Texture Expert software program, version 2.55 
(Texture Technology corp., Scarsdale, NY, USA). The value given by the area under the 
curve might be related to the process of mastication, i.e., that which occurs as the food is 
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chewed and brought into a condition ready to be swallowed (Bourne, 1997). Three 
measurements were performed for each sample. All experiments were conducted at room 
temperature (21°C) (Han, 2004) 
Conductivity The four kinds of leafy green vegetables were sampled on day 0, 7, 14, and 
21, and electrolyte leakage (E) of samples was measured by the method mentioned above. 
3.2.2.2. Sensory evaluation  
     The effects of storage time and ultrasound treatment time on the sensory 
characteristics of produce samples were evaluated (overall quality, color, sogginess, and 
off-odor) on days 0, 7, 14, and 21 by a sensory panel consisting of 6 trained individuals. 
A total of 6 samples each week (control and ultrasound treated) were presented to each 
panelist. For overall quality, a hedonic scale (1–5) as described by Carr et al. (1999) was 
used. On this hedonic scale, a score of 1 represented the most disliked and a score of 5 
the most liked. For color, the samples were rated as 1–5 with 1 for no green or severe 
browning and 5 for severe browning. The sogginess was rated from 1 (crisp) to 5 (soggy-
watery), and for off-odor, the samples were rated as 1 for none and 5 for the severest. The 
minimum score for commercial consumer acceptance was set at 3 for color and overall 
quality, and 2 for sogginess and odor. These limits of acceptability were based on our 
‘‘acceptance test’’ profile. For example, for ‘‘overall quality’’ a rating of 3 out of a 1–5 
scale was defined as ‘‘fair’’ and thus considered as the minimum score for salability to 
consumers. The samples were placed on top of white paper plates identified by three 
digits and randomly placed in the trays. Samples were only evaluated by visual inspection. 
3.3. Results and Discussions 
3.3.1 Effect of ultrasound energy levels on several leafy green vegetables 
3.3.1.1. Effect of ultrasound power density on the visual quality of spinach  
     A preliminary test was conducted to ascertain the possible energy levels 
corresponding to unacceptable produce damage. The input power level (IPD) was 
estimated using the rating power (Watt) of the generator at 21 kHz divided by the volume 
(Liter) of the treatment chamber. It was found that the threshold of IPD was between 200 
W/L and 300 W/L, as can be seen in Figure 3.1. When IPD was 200 W/L, no obvious 
damage can be observed on spinach surfaces right after a treatment. When IPD was 
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increased to 300 W/L, some watery spots (also called sogginess) can be observed on both 
the upper and lower surfaces of the leaves. Since the rating power in the liquid in the 
treatment chamber is not equal to the power dissipated and the latter is lower than the 
rating power due to energy convention efficiency, a test was thus conducted to determine 
the actual power dissipation in the liquid in term of acoustic power density (APD) 
determined by the calorimetric method as described by Manãs et al. (2000). It was found 
that the APD in the liquid corresponding to a rating APD of 300 W/L was 150 W/L, 
while a rating APD of 200 W/L can produce an APD of 100 W/L.  The 150 W/L was 
then used as the upper APD in liquid that would cause damage of spinach leaves, and the 
APD used in the following quality tests was below it.   
     The sogginess of plant tissue can be linked to the adherence of cell walls. Sterling and 
Aldridge (1976) reported that the degradation of middle lamella in sweet potato though 
some physical treatments resulted in the breakdown of the entire cell wall, and, further, a 
breakdown results in a soggy texture. It has been reported that acoustic cavitation can 
induced cell damage. ter Haaert et al. (1979) reported that ultrasound irradiation for 15 
min can injury the blood vessels and myometrium of the mouse uterus under the peak 
intensity of 2 W/cm2 in the 3 MHz field. The research conducted by Gabaldón-Leyva et 
al. (2007) showed that ultrasound treatment with 47 kHz can alternate the structure of 
bell pepper tissue, change the intracellular adhesion, lead to cellular collapse, increase the 
permeability of cell wall, and enhance the leakage of tissue fluids from treated pepper 
strips. However, the lower ultrasound energy density of 0.487 W/cm2 under 25 kHz can 
only induce the formation of microscopic channel in melon cubes without the breakdown 
of tissue (Fernandes et al., 2008).  Cárcel et al. (2007) found that there existed an energy 
threshold of 10.8 W/cm2 under 20 kHz above which the ultrasound significantly 
enhanced the mass transfer between apple tissue and surrounding solution. Therefore, the 
energy intensity is a critical factor in the control of produce quality using the ultrasound 
treatment.    
3.3.1.2. Effect of treatment time on the visual quality and ECR of selected vegetables  
     Another test was carried out to investigate the effect of different treatment time of 
ultrasound on the visual quality and ECR of slected leafy green vegetables. Figure 3.2 
shows that electro-conductivity rate (ECR) of all four treated vegetables increased over 
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the treatment time. However, a 1-min ultrasonication did not result in significant changes 
in ECR, which indicated that there was a threshold for power density input by ultrasound. 
The results also showed that there were two phases for the changes of ECR of baby 
spinach, loose leaf lettuce, and lollo rosso. In Phase I, the ECR increased rapidly while in 
phase II, the ECR changed slowly. This two-phase change of ECR may be explained by 
the limited penetration capacity of power ultrasound.  Only the plant cells and tissues that 
can be penetrated by ultrasound can be injured during ultrasonication. Therefore, the 
disruption of the efflux of cell and tissue on produce surface and subsurface results in the 
rapid increase of ECR in surrounding solution in Phase I. Afterwards, the cells and 
tissues located at relatively deep layers receive the less ultrasound exposure, and thus the 
permeability and integration of cells change slowly, resulting in the slow leakage of 
electrolyte and low ECR values in Phase II. It has been found that the penetration depth 
of ultrasound is limited in biological tissue, and  the penetration is dependent on 
frequencies (Fry and Barger, 1978). O’Dell (1992) reported that 5 MHz medical 
ultrasound can yield a penetration depth up to 20 cm in human fat tissue. Romaine lettuce 
was an exception, and ECR of fresh-cut lettuce slices increased linearly over treatment 
time. This may result from the structure of lettuce tossues having multiple pores, and 
ultrasound cavitation can take place in the inner cells and tissues easily.  The results 
(Figure 3.2) also showed that the change in the ECR of lollo rosso was the highest, 
indicating that lollo rosso was the most sensitive to ultrasound treatment. Although the 
change of ECR was significant over treatment time, no obvious damage in the visual 
quality was observed for all four tested vegetables after treatment and during the 14-day 
storage (Figure 3.3).  
     Therefore, the tissue damage of spinach, loose leaf lettuce, lollo rosso, and romaine 
lettuce was dependent on ultrasound treatment time and power density. Hhowever, visual 
quality deterioration speared to be minimal under the conditions used in this study (31 
kHz, 81 W/L, and 16 min).  
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3.3.2. The effect of ultrasound treatment on quality of fresh-cut iceberg lettuce and 
romaine lettuce 
     Traditional ultrasound systems are inherently fixed frequency units used in probe or 
bath system, which results in the non-uniform acoustic field inside a treatment chamber 
by standing wave formation. The MMM system has been developed to produce a uniform 
spatial filed in APD by allowing the entire available vibrating domain acoustically active 
while eliminating the creation of standing waves (Prokic, 2001). In the MMM unit, two 
types of oscillations can be generated from the ultrasonic power supply: a variable-
frequency sweeping oscillation around a central operating frequency, and an amplitude-
modulated output signal. The frequency of amplitude modulation follows subharmonic 
low frequency vibrating modes of the mechanical system. The MMM technology can 
utilize the coupled vibrating modes in a mechanical system by applying advanced digital 
signal processing to create driving wave forms that synchronously excite many vibrating 
modes (harmonics and subharmonics) in an acoustic load. Therefore, the MMM system 
was used to evaluate the effect of ultrasound on the quality of leafy green produce. 
3.3.2.1. Texture of fresh-cut iceberg lettuce and romaine lettuce 
     Since the properties of iceberg lettuce or romaine lettuce vary across the leaf, the 
fresh-cut lettuce slices were grouped into rib portion and leaf portion for quality analysis. 
The first study was carried out to investigate the effect of ultrasound on the texture of 
fresh-cut iceberg and romaine lettuce. The results in Figure 3.4 and 3.5 indicate that the 
maximum force of the mid rib part was significant greater than that of leaf blade, for both 
Romaine lettuce and iceberg lettuce. There was no significant change in maximum force 
of leaf blade and mid rib part after storage for 21 days for both varieties of lettuce, and 
there was no significant difference between ultrasound treatment and water only wash 
during the storage except that ultrasound treatment caused the harder texture of leaf blade 
of iceberg lettuce compared to water wash only at day 0. Compared to spinach leaves, the 
firmness of lettuce rib should be greater. The ultrasonication with 34 kHz under the 
acoustic power density of 81.3 W/L did not damage the spinach leaf based on the data 
above, and should also not change the lettuce ribs in term of texture firmness. Therefore, 
this result indicated that the ultrasound treatment for 2 min may not adversely affect the 
mouth feel of lettuce ribs.              
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3.3.2.2. The electrolyzed leakage of fresh-cut iceberg and romaine lettuce 
     In this study, the effect of ultrasonication on the electrolyzed leakage of fresh-cut 
iceberg and romaine lettuce was investigated. The results (Figure 3.6) showed that the 
effect of ultrasound treatment on the electrolyte leakage of lettuce slices during the 21-
day storage. There were no significant differences in the electrolyte leakage of iceberg 
lettuce and romaine lettuce between the ultrasound treatment and water only wash. 
However, the ECR of fresh-cut romaine lettuce from the ultrasound treatment was lower 
than that from the water alone wash at day 14.  This difference might be caused by 
ultrasonic growth stimulation on plant. Li et al. (2001) also reported that sonication under 
the frequency of 38.5 kHz and the power density of less than 82 mW/cm3 could stimulate 
the growth of Panax ginseng cells.  
     In addition, the ECR for romaine and iceberg lettuce significantly decreased within 7 
days, and then increased afterwards. The decrease in tissue electrolyte leakage during the 
first 7 days may be attributed to the self-recovery mechanism of damaged membrane 
during the early stage of cold storage. This self-recovery process has been described in 
the study on the postharvest biology and quality of fresh-cut cilantro leaves under 
controlled atmospheric packaging (Luo et al., 2004). In the latter stage during storage 
after 7 days, the increase in electrolyte leakage probably accounts for irreversible 
membrane damages and deletion of O2 from respiration (Wang 2004). 
     In brief, as reported, electrolyte leakage was closely related to cell membrane integrity 
and permeability (Marangoni et al. 1996), and, thus, the result of this study indicated that 
ultrasonication under the acoustic power density of 81 W/L did not injure lettuce cell and 
tissue.  
3.3.2.3. Hunter color of fresh-cut iceberg lettuce and romaine lettuce 
    The colors of the leaf and rib of romaine lettuce and iceberg lettuce were measured 
separately in this study.  There was no significant difference in the L values of leaves and 
ribs between ultrasound treatment and water only wash for iceberg lettuces during the 
storage of 21 days. The L values significantly increased during the 21- day storage for all 
iceberg lettuce samples (Figure 3.7A). The hue angle values from leaves and ribs of 
romaine lettuces treated by ultrasound and water only did not experience a significant 
change during the 21-day storage (Figure 3.7B). There were no significant changes in 
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chroma values of leaves and ribs between the ultrasound treatment and waster wash only 
for iceberg lettuce during the 21-day storage (Figure 3.7C).  
     There was no significant difference in the L values of leaves and ribs between 
ultrasound treatment and water only wash for romaine lettuces during the 21-day storage. 
The L values significantly decreased after one-week storage, and increased again from 
day-7 for all romaine lettuce samples (Figure 3.8A), The L values of ribs were significant 
greater than that of leaves for romaine lettuce (Figure 3.8A). The hue angle values from 
leaves and ribs of the romaine lettuces washed by ultrasound and water only did not 
experience a significant change during storage (Figure 3.8B). There was no significant 
change in chroma values of leaves and ribs between the two treatments for romaine 
lettuce during the 21-day storage (Figure 3.8C).  
3.3.2.4. Effect of ultrasound on sensory quality of lettuce 
     The evaluation of the sensory quality was separately done for the leaves and ribs for 
romaine lettuce and iceberg lettuce. The results indicated that there was no significant 
difference in overall quality, browning index, sogginess index and off-odor index of the 
leaves and ribs between two wash methods for both varieties of lettuce during the 21-day 
storage (Figure 3.9 and 3.10). Inaddition, the score of overall quality of all samples was 
over 3 after the storage of 21 days. 
3.3.3. Effect of ultrasound on the quality of spinach 
     In this study, the effects of ultrasonication on the quality of baby spinach leaves have 
been evaluated. The result (Figure 3.11) indicated that there was no significant difference 
in overall quality, discoloration index, sogginess index and off-odor index between 
ultrasound treatment and water only wash during a 14-day storage except that the 
samples washed with water only had lower sogginess index at 14 days of storage. In 
addition, the score of overall quality of all samples was over 3 after the storage of 14 days.  
     There was no significant difference in ECR between ultrasound treatment and water 
only wash at day 0. However, at or after 7 days of the storage, the samples treated by 
ultrasound had higher ECR than that washed with water only. This indicated that 
ultrasonication might inhibit the self-repair process of spinach leaf tissue. Moreover, the 
ECR of spinach leaves treated by ultrasound significantly increased during the storage, 
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while the ECR of the leaves washed with water only significantly increased during the 
storage.  
3.3.4. Effect of ultrasound on the quality of loose leaf lettuce 
     This study has also evaluated the effect of ultrasound on the quality of loose leaf 
lettuce. The results (Figure 3.12) show that no significant differences in the overall 
quality, discoloration index, sogginess index, and off-odor index were observed between 
the ultrasound wash and water only wash during the 14-day storage. The overall quality 
of the samples treated did not change significantly after the storage of 14 days except that 
the overall quality of samples treated by ultrasound for 2 min decrease significantly. 
However, the score of overall quality of all samples was over 3, above which the sample 
would be accepted.  
     The result (Figure 3.12E) also showed that there was no significant difference in ECR 
of loose leaf lettuce between ultrasonication for 2 min and water only at day 7 and day 14, 
while loose leaf lettuce samples treated by ultrasound for 2 min had significantly higher 
ECR than that washed with water only at day 0, which indicated that a 2-min 
ultrasonication may injury the cells and tissue, and lead to the leakage of tissue fluid. The 
ECR of ultrasonicated samples decreased significantly after 7 days, and then kept stable 
for the 2 min treated or increased for 1 min treatment until 14 days. The difference in 
ECR change between ultrasound-treated samples and water-washed samples may account 
for the difference in the activation of self-repair system in loose leaf lettuce. Ultrasound 
may promote the self repair process of injured tissue of loose leaf lettuce. Meanwhile, the 
ECR of water washed samples kept stable after 7 days, and then decreased significantly 
after 14 days of storage.  
3.3.5. Effect of ultrasound on the quality of lollo rosso (Red leaf lettuce) 
     This study has also evaluated the effect of ultrasound and chlorine wash on the quality 
of lollo rosso. The results (Figure 3.13) showed no significant differences in the overall 
quality, discoloration index, sogginess index, and off-odor index between the two wash 
methods during the 14-day storage. The overall quality of the samples treated by 
ultrasound for 2 min did not significantly change after storage, and the score of overall 
quality of all samples was over 3.  
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     Lollo rosso samples treated by ultrasound for 2 min had a significantly higher ECR 
than that washed with water only, while there was no significant difference in the ECR of 
lollo rosso treated by both ultrasound for 1 min and water only at day 0 and day 14. The 
ECR for water only wash and ultrasonication for 1 min significantly increased during the 
storage, while the ECR for ultrasonication for 1 min kept stable during the storage of 14 
days.  In addition, there was no significant difference between different treatments at day 
14 of storage.  
     Unlike iceberg lettuce, romaine lettuce, and spinach, ECR of lollo rosso continuously 
increased over the storage of 14 days, even for the sample treated with water only. This 
may indicate that the self-repair system is weak or absent. In addition, the lollo rosso 
sample treated by ultrasound showed a higher value of ECR on day 7 than that on day 0, 
which might also indicate that ultrasonication did not stimulate the self-repair process of 
lollo rosso tissue. UV-C radiation has also been used to reduce microbial loads without 
adversely affecting sensorial quality of ‘Lollo Rosso’ lettuce (Allende and Artés 2003). 
Allende and Artés showed that, after 7 days of storage, the highest dose of 8.14 kJ/m2 
resulted in increased tissue brightness, and reduced browning. Lettuce pieces treated with 
2.44, 4.07, and 8.14 kJ/m2 UV-C has the scores of higher than 5, but the surface of the 
lettuce became shinier and firmer. As the reports above, the acoustic power density is 
critical for application of physical methods in the safety and quality control of lollo rosso. 
Therefore, ultrasound treatment at 34 kHz under 81 W/L is an applicable method for the 
decontamination of fresh lollo rosso. 
3.4. Conclusions 
     The overall quality score of baby spinach, lollo rosso, loose leaf lettuce, iceberg 
lettuce and romaine lettuce remained unchanged when treated with ultrasound at an APD 
of less than 100 W/L for less then 2 min, while the electro-conductivity rate (ECR) of all 
four salad leaves increased over treatment time.  The quality changes of the five selected 
leafy produce after an ultrasound treatment and during storage were comparable to that 
wash by water only and were all above acceptable level.  
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3.6. Figures and Tables 
(A)
(B)
(A)
 
 
Figure 3.1 Spinach leaves after ultrasound treatment. (A) upper surface and (B) lower 
surface. 
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Figure 3.2 Effects of ultrasound treatment time on ECR of leaf green vegetables at 34 
kHz and the acoustic power density of 81 W/L.  
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(A)
(C)
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Figure 3.3 Sinach, loose leaf lettuce, lollo rosso, and romaine lettuce treated by 
ultrasound at 34 kHz and acoustic power density of 81 W/L, and stored at 1°C for 14 
days. (A) Baby spinach, (B) Loose leafy lettuce, (C) Lollo rosso, and (D) Romaine 
lettuce. 
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Figure 3.4 Effect of ultrasound on the texture of leafy parts of lettuce at 34 kHz and 
acoustic power density of 81 W/L. I: iceberg lettuce, water/2 min; II: iceberg lettuce, 
ultrasound/2 min; III: romaine lettuce, water/2 min; and IV: romaine lettuce, ultrasound/2 
min. 
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Figure 3.5 Effect of ultrasound on the texture of rib parts of lettuce treated at 34 kHz and 
acoustic power density of 81 W/L. I: iceberg lettuce, water/2 min; II: iceberg lettuce, 
ultrasound/2 min; III: romaine lettuce, water/2min; and IV: romaine lettuce, ultrasound/2 
min. 
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Figure 3.6 Effect of ultrasound-assisted wash on electrolyzed leakage of fresh-cut 
iceberg and romaine lettuce (34 kHz and acoustic power density of 81 W/L). I: iceberg 
lettuce slices, water/2 min; II: iceberg lettuce slices, ultrasound/2 min; III: romaine 
lettuce slices, water/2 min; and IV: romaine lettuce slices, ultrasound/2 min. 
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Figure 3.7 Effect of ultrasound on the Hunter color of fresh-cut iceberg lettuce. I: iceberg 
lettuce leaf, water/2 min; II: iceberg lettuce leaf, ultrasound/2 min; III: iceberg lettuce rib, 
water/2 min; and IV: iceberg lettuce rib, ultrasound/2 min.  
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Figure 3.8 Effect of ultrasound on the Hunter color of fresh-cut romaine lettuce. I: 
romaine lettuce leaf, water/2 min; II: romaine lettuce leaf, ultrasound/2 min; III: romaine 
lettuce rib, water/2 min; and IV: romaine lettuce rib, ultrasound/2 min. 
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Figure 3.9 Effect of ultrasound on the sensory quality of fresh-cut iceberg lettuce (34 
kHz and acoustic power density of 81 W/L). I: iceberg lettuce leaf, water/2 min; II: 
iceberg lettuce leaf, ultrasound/2 min; III: iceberg lettuce rib, water/2 min; and IV: 
iceberg lettuce rib, ultrasound/2 min. 
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Figure 3.10 Effect of ultrasound on the sensory quality of fresh-cut romaine lettuce (34 
kHz and acoustic power density of 81 W/L). I: romaine lettuce leaf, water/2 min; II: 
romaine lettuce leaf, ultrasound/2 min; III: romaine lettuce rib, water/2 min; and IV: 
romaine lettuce rib, ultrasound/2 min. 
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Figure 3.11 Effect of ultrasonication on the quality of spinach at 34 kHz and acoustic 
power density of 81 W/L. (A) Overall quality, (B) Discoloration, (C) Sogginess, (D) Off-
odor, and (E) Electro-Conductivity Rate. 
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Figure 3.12 Effect of ultrasonication on the quality of loose leaf lettuce at 34 kHz and 
acoustic power density of 81 W/L. (A) Overall quality, (B) Discoloration, (C) Sogginess, 
(D) Off-odor, and (E) Electro-Conductivity Rate. 
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Figure 3.13 Effect of ultrasonication on the quality of Lollo Rosso at 34 kHz and 
acoustic power density of 81 W/L. (A) Overall quality, (B) Discoloration, (C) Sogginess, 
(D) Off-odor, and (E) Electro-Conductivity Rate. 
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CHAPTER 4 
EFFECTIVENESS OF ULTRASOUND TREATMENT ON THE REMOVAL OF 
ESCHERICHIA COLI O157:H7 FROM PRODUCE SURFACES  
 
ABSTRACT 
 
     The use of ultrasound to enhance the efficacy of selected sanitizers in reduction of 
Escherichia coli O157:H7 population on spinach was investigated. Spot-inoculated 
spinach samples were treated with water, chlorine, acidified sodium chlorite (ASC), 
peroxyacetic acid (POAA), and acidic electrolyzed water with and without ultrasound 
(21.2 kHz) for 2 to 4 min at room temperature. The effects of ultrasound treatment time 
and acoustic power density (APD) were evaluated at an ASC concentration of 200 mg/L. 
The effect of ASC concentration, with a fixed APD of 200 W/L, was also examined. 
Microbial analysis indicated that ASC reduced E. coli O157:H7 population by 2.2 log 
cycles over that of water wash, while the reduction from other tested sanitizers was about 
1 log cycle. Ultrasonication significantly enhanced the reduction of E. coli O157:H7 cells 
on spinach for all treatments by 0.7 to 1.1 log cycle over that of washes with sanitizer 
alone. An increase in the ASC concentration enhanced the efficacy of the combined 
treatment of ASC and ultrasonication, especially at ASC concentrations of < 300 mg/L. 
Increasing the ultrasound treatment time from 0 to 4 min and APD from 0 to 500 W/L 
were both effective in increasing the effectiveness of the ASC and ultrasound combined 
treatments. In addition, E. coli O157:H7 inoculated on the underside of spinach leaves 
(rough side) were more difficult to remove than those inoculated on the upper side 
(smooth side). The application of ultrasound accelerated the decay of chlorine while its 
affect on ASC and POAA appeared to be negligible.  
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4.1. Introduction 
     The 2006 outbreaks of Escherichia coli O157:H7 infections due to consumption of 
bagged spinach reaffirmed the importance and challenge of produce microbial safety. In 
its entirety, the outbreak that began on August 19, 2006, comprised 199 reported cases 
of illness in 26 states, including 102 hospitalizations and 3 deaths (CDC 2006). Nearly 
the entire spinach industry shut down its operation within 24 h when U.S. Food and Drug 
Administration (FDA) issued a warning on spinach consumption on September 14, 2006. 
The economic losses for the spinach industry alone were estimated to be at least $75 
million. More importantly, recurring produce related outbreaks erode consumer 
confidence in fresh produce and could jeopardize the long-term development of the 
produce industry.  
     Currently, commercial operations rely on a wash treatment with antimicrobials as the 
main step to reduce microbial populations on fresh produce. However, chlorinated water 
containing 50 to 100 mg/L free chlorine can only achieve a 1- to 2-log CFU/g reduction 
in microbial population in an industrial scale operation (Sapers 1998). Even on a 
laboratory scale, the efficacy of decontamination for a model wash step is often less than 
satisfactory. Pirovani et al. (2001) treated fresh-cut spinach with chlorine (25 to 125 
mg/L) and reported 2 to 3 log cycles reduction in total native microbial count. Izumi 
(1999) achieved a 1.8-log reduction in total microbial count on trimmed spinach leaves 
with a 4-min electrolyzed water wash. Obviously, more effective postharvest intervention 
technologies are needed for assuring the microbial safety of fresh and fresh-cut produce. 
     In recent years, several new sanitizers have been introduced for the purpose of 
improving fresh produce safety. Acidified sodium chlorite (ASC) has been approved by 
FDA for dip or spray operations for food items, including fresh and fresh-cut fruits and 
vegetables. ASC has shown a strong ability to control pathogens (E. coli O157:H7, 
Listeria monocytogenes, Salmonella Poona, and so on) on fresh-cut carrots and cilantro 
(Gonzalez et al., 2004; Cruz-Ruiz et al., 2006; Allende et al., 2009). Acidic electrolyzed 
water (AEW) and peroxyacetic acid (POAA) are also new sanitizers that have been tested 
in recent studies. AEW is a strong antimicrobial agent effective against pathogens and 
spoilage microorganisms (Wang et al., 2004, 2006), and is more efficient than chlorinated 
water for inactivating E. coli O157:H7, S. enteritidis, and L. monocytogenes on selected 
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fresh produce and meat products (Park et al., 2001; Bari et al., 2003). POAA (80 mg/L) 
was reported to be more effective in reducing populations of L. monocytogenes on lettuce 
than a chlorine solution of 100 mg/L (Beuchat et al., 2004). 
     Ultrasonic waves in the frequency ranging from 20 to 100 kHz have long been used as 
an industrial surface-cleaning tool. The application of ultrasound to produce surface 
decontamination is relatively new. Seymour et al. (2002) conducted an ultrasound and 
chlorinated water combined treatment and obtained one additional log cycle reduction of 
S. Typhimurium on iceberg lettuce compared with a chlorinated water alone wash. 
Scouten and Beuchat (2002) found that ultrasound in combination with 1% calcium 
hydroxide enhanced the decontamination efficacy on alfalfa seeds inoculated with S. 
enterica and E. coli O157:H7. Huang et al. (2006) reported up to 1 log cycle additional 
reduction of S. enterica and E. coli O157:H7 on apples in an ultrasound and chlorine 
dioxide combined treatment, whereas no obvious increase in log reduction was observed 
for E. coli O157:H7 inoculated on lettuce. Ajlouni et al. (2006) also found no effect of 
ultrasound on the inactivation of natural flora on Cos lettuce in a 20-min sanitizer wash 
(0.02% peracetic acid, 4 mg/L hydrogen peroxide, 2% acetic acid, 100 mg/L chlorinated 
water) except with 200 mg/L chlorinated water. The lack of effectiveness reported by 
Huang et al. (2006) and Ajlouni et al. (2006) might be attributable to the nonuniform 
ultrasound distribution in the ultrasonic cleaning baths due to standing wave formation 
and blockage of produce leaves to ultrasound propagation in the wash liquid. 
     There is a need to further examine the function of ultrasound, when combined with a 
sanitizer, in a washing operation for decontamination of fresh produce. This study was 
therefore undertaken to determine the effect of selected new sanitizers with or without 
ultrasound on the reduction of E. coli O157:H7 population inoculated on the surface of 
spinach. The effect of ultrasound on the concentration of sanitizer solution used for fresh-
cut lettuce wash was also studied.  
4.2. Materials and Methods       
4.2.1. Preparation of treatment solutions 
     Acidified sodium chlorite (ASC) was prepared from 10% sodium chloride solution 
and 5% citric acid solution. Acidic electrolyzed water (AEW; 80 mg/L) was generated 
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using an AEW generator (ROX-20TA, Hoshizaki, Nagoya, Japan) and collected from the 
anode of the generator with sanitized beakers. The pH and oxidation reduction potential 
(ORP) of the AEW were measured with an AR15 pH and ORP meter (Accumet Research, 
Pittsburgh, Pa., U.S.A.), and the residual chlorine concentration was determined using an 
EPA-approved chlorine colorimetric test kit (Model PCT-DR, LaMotte Co., Chestertown, 
Md., U.S.A.). POAA (80 mg/L; Tsunami 100; Ecolab, St Paul, Minn., U.S.A.) was 
prepared according to the manufacturer’s instruction. The concentration of both POAA 
and ASC were measured with a POAA test kit provided by the manufacturer. Chlorine 
solution (200 mg/L) was prepared with concentrated food grade bleach and the pH was 
adjusted to 6.5 with 1.0 M HCl. The available chlorine was determined with a chlorine 
test kit.  
4.2.2. Inoculum preparation  
     The E. coli O157:H7, strain 87-23 (non-pathogenic) was obtained from Produce 
Quality and Safety Laboratory, USDA-ARS (Beltsville, MD), and was transferred 3 
times to tryptic soy broth (pH 7.3, Difco Laboratories, Detroit, Mich., U.S.A.) by loop 
inoculation at successive 24-h intervals and incubated at 37°C. Bacterial cells were 
harvested, after 24 h of growth, by centrifugation (6000 × g) at 4°C for 10 min. The cell 
pellets were washed twice in peptone water (0.85% NaCl, 0.1% Bacto Peptone), and 
resuspended in 10 mL of peptone water. The final concentration of E. coli O157:H7 in 
the inoculum determined by plating serial dilutions on TSA containing 50µg/ml nalidixic 
acid and incubating at 37°C for 24 h, was approximately 109 CFU/mL.  
4.2.3. Inoculation of spinach leaves 
     Baby spinach leaves were obtained from a local wholesale market, kept at 4°C and 
used within 3 d. These leaves were spot-inoculated on upper surfaces with 100 μL per 
leaf of the inoculum and air-dried for 60 min in a laminar flow biological hood 
(Labconco Purifier PCR Enclosure, Kansas City, Mich., U.S.A.) before treatments. 
4.2.4. Treatment procedures 
     Twenty-five grams of inoculated spinach leaves were loaded into a 1 L jacket glass 
beaker. The beaker contained 500 mL of one of the following 5 treatment solutions: 
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sterilized deionized water, chlorinated water (200 mg/L), acidic electrolyzed water (AEW, 
pH 2.7, ORP 1150 mV, and free chlorine 45 mg/L), POAA (80 mg/L), and acidified 
sodium chlorite (ASC, 200 mg/L). A metal net was used to hold the leaves in the solution 
to make sure that all leaves were at a location below the ultrasonic probe during a 
treatment. An ultrasonic probe system, Ultrasonic IL 1000-6/2 unit (Ultrasonic 
Technique-Inlab Ltd., St. Petersburg, Russia) was used in conjunction with the sanitizers. 
The ultrasonic probe (31 mm in diameter) was placed 50 mm from the bottom of the 
beaker and was set to a frequency of 21.2 kHz with an input acoustic power density 
(APD) in the water of 200 W/L. The treatment time was 2 min for all the experiments, 
during which a magnetic stir bar was used to agitate the leaves. The treated spinach 
leaves were dried by a manually operated salad spinner (OXO and Good Grips, Elmira, 
N.Y., U.S.A.) for 1 min, and then transferred to a sterile stomacher bag for 
microbiological analysis. The washing solutions were also sampled for microbiological 
analysis. The APD was measured using a calorimetric method as described by Baumann 
et al., (2005). 
     Another study was conducted to determine the effect of different concentrations of 
ASC solution in combination with ultrasound on reduction of E. coli O157:H7 inoculated 
onto spinach leaf surfaces. The ASC solutions were tested at concentrations of 100, 200, 
300, 400, and 500 mg/L with an APD fixed at 200 W/L, and distilled water was used as 
the control.  
     A third test compared the effect of different input APD of ultrasonic treatment with 
200 mg/L of ASC on the inactivation of E. coli O157:H7 inoculated on spinach leaf 
surface at APD of 0, 100, 200, 300, 400, and 500 W/L.  
     A final study was performed to determine the effects of APD on reduction of E. coli 
O157:H7 cells in distilled water. In this test fresh 5 mL of inoculum (109 E. coli O157:H7 
cells per mL) was added into a 1 L jacket glass beaker containing 500 mL of sterile 
distilled water. The inoculated solution was sonicated for 2min at APD of 0, 100, 300, 
and 500 W/L with 21.2 kHz in a ultrasonic probe system, Ultrasonic IL 1000-6/2 unit 
(Ultrasonic Technique-Inlab Ltd., St. Petersburg, Russia)  
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4.2.5. Microbial analysis 
     Twenty-five grams of treated spinach leaves were macerated in 225 mL 0.1% (w/v) 
sterile peptone water for 2 min with a stomacher blender (Lab-Blender 400, Cooke 
Laboratory Products, Alexandria, VA). The homogenate was filtered through sterile 
glasswool, serially diluted in peptone water, plated (100 L in triplicate) on trypticase 
soy agar (TSA, Difco Laboratories) containing 50 mg/L nalidixic acid, and incubated at 
37°C for 24 h before enumeration. 
4.2.6. Sanitizer decay during ultrasound-assisted wash of spinach leaves 
4.2.6.1. Chlorine 
     Washing tests were conducted at 4 ºC in a 1-L jacketed beaker placed on a stirring 
plate. Washing solution (200 mg/L) was prepared by adding a commercial sanitizer of 
Chlorox (6.15% active ingredient) to distilled water. Romaine lettuce inner layer slices 
(25.4 mm×25.4 mm) were submerged in 600 mL of 200 mg/L chlorinated water, and 
washed for 4 min with or without ultrasound treatment. The produce-to-solution ratio was 
1/5, 1/10, and 1/20 g/mL. Samples of washing solution were taken at 0, 0.5, 1, 2, and 4 
min, and the concentration of free and total chlorine in the solution was measured by  N, 
N'-diethyl-p-phenylenediamine (DPD) standard methods. 
4.2.6.2. Peroxyacetic acid 
     Washing solution (80 mg/L POAA) was prepared by adding a commercial sanitizer of 
Tsunami-100 to distilled water. Romaine lettuce samples preparation, produce-to-solution 
ratio, sampling time, and washing conditions were the same as in section 4.2.5.1. The 
concentration of peracetic acid as a function of time was measured by a peroxyacid test 
kit from Hach Company (Loveland, CO). 
4.2.6.3. Acidified sodium chlorite 
     Washing solution (200 mg/L) was prepared by adding sodium chlorite and citric acid 
to distilled water. Romaine lettuce samples preparation, produce-to-solution ratio, 
sampling time, and washing conditions were the same as in section 4.2.5.1. The 
concentration of acidified sodium chlorite was examined by the SANOVA™ Field 
Titration Methods. 
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4.2.7. Statistical analysis 
     Three replications for each treatment were performed. The 1st experiment was 
conducted with a 6 × 2 factorial design with 6 levels of sanitizer treatment used with or 
without ultrasound; other parameters such as treatment time, sanitizer concentration, 
ultrasound power setting, and inoculation arrangement were held constant. The 2nd and 
3rd experiments were run as single factor designs using concentration, treatment time, 
and APD as the single factor, respectively. The last experiment was conducted as a 2 × 3 
factorial design with 2 inoculation options and 3 APDs. For the different experiments, 
treatment effects including different sanitizers, treatment times, ASC concentrations, 
input APDs, and leaf inoculation positions were compared using the GLM procedure of 
SAS (SAS Inst. Inc., Cary, N.C., U.S.A.). The Fisher’s LSD test was used to determine 
differences among means at α = 0.05. 
4.3. Results and discussions  
4.3.1. Effects of ultrasonication in combination with sanitizers on reduction of E. coli 
O157:H7 population on spinach surfaces 
     The population reductions of E. coli O157:H7 spot-inoculated on the upper surface 
(smooth surface) of spinach by ultrasound and sanitizer combined treatments are 
tabulated in Table 4.1. Among the sanitizer only washes, the treatments with ASC (200 
mg/L) for 2 min reduced E. coil population by 2.1-log over that of water wash, 
respectively, while the reductions from other sanitizers were about 1 log cycle.  
     The application of ultrasound to a sanitizer-wash treatment significantly (p < 0.05) 
increased E. coli O157:H7 count reduction compared with a sanitizer only treatment. The 
additional reduction due to ultrasonication was in the range of 0.7 to 1.1 log cycle, with 
the highest additional reduction observed in the water wash + ultrasound treatment and 
the lowest in the Tsunami-100 + ultrasound treatment. The highest E. coli count 
reduction over nontreated spinach samples was 4 log cycles that was achieved in the ASC 
and ultrasound combined treatment. The E. coli O157:H7 population reduction by ASC 
was significantly (p < 0.05) greater than other sanitizers. There was no significant (p < 
0.05) difference among chlorinated water, AEW, and Tsunami-100 treatments.   
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     The enhanced reduction in microbial population from produce surfaces by ultrasound 
may stem from the cavitation activities.  When ultrasonic waves pass through a liquid, 
millions of microscopic cavities are produced which go through cycles of growth and 
contraction, ending with an implosion (Feng and Yang, 2005). The collapse of the 
cavities generates localized high shear and water-jets pointing at produce surfaces, which 
may help to remove or dislodge cells from the produce. Ultrasound is also known to 
increase interface mass transfer by decreasing the thickness of boundary layers. This will 
help to maintain the concentration of a sanitizer on the produce surface at a level close to 
that in the bulk solution in a washing tank, allowing an improved inactivation of 
microorganisms on the produce surface.   
     Previous studies have reported a less effective reduction of natural flora or human 
pathogen population from produce surfaces when ultrasound was applied to a produce 
wash (Huang et al., 2006; Ajlouni et al., 2006). This might be caused by the 
ultrasonication system and/or the operational procedures used in those disinfect 
treatments. There are a few key factors that have to be considered when applying 
ultrasound to a produce wash operation. For instance, dissolved gas in a washing solution 
is known to decrease the cavitation activity in a cleaning operation (Awad, 2009). 
Therefore, degassing is essential for any ultrasonic cleaning applications. Moreover, the 
acoustic field distribution in an ultrasonic treatment chamber or tank is not uniform, 
mainly due to a standing wave formation. The non-uniform ultrasound field distribution 
and hence the non-uniform cavitation will result in variations in microbial inactivation 
activities at different locations in a washing tank. Consequently, during a wash treatment, 
those produce leaves that have received a good dose of ultrasound treatment and thus 
have a low microbial count would be easily cross-contaminated by neighboring leaves 
that have received less ultrasound treatment and hence have a high microbial population 
due to an un-even acoustic field distribution. A good understanding of the underlining 
principles of power ultrasound, as well as a good design in wash system and operation 
procedure is indispensable for fully unleashing the power of ultrasound in produce 
decontamination applications.    
     The recovery of E. coli O157:H7 cells in the washing solutions after a treatment is 
shown in Table 4.2. With the exception of the tap water wash, the population of E. coli 
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O157:H7 in other sanitizer solutions was below the detectable level. The population of E. 
coli O157:H7 recovered from the water wash solution without an ultrasonic treatment 
was significantly less than that with an ultrasonic treatment. It is thus evidenced that an 
ultrasound only treatment at APD of 200 W/L for 2 min only helped to remove E. coli 
cells from produce surface and did not kill the cells. It has been reported that inactivation 
of E. coli in drinking water by ultrasound alone at an APD of 900 W/L yielded 1.2 log 
inactivation in 2 min (Wong, 2002). At a lower APD of 180 W/L, less than 1 log 
inactivation of E. coli was achieved within the first 20 min of sonication, but significant 
inactivation (greater than 7.5 log) was achieved from 30 to 60 min. To effectively 
inactivate E. coli cells suspended in a liquid, a higher APD or longer treatment time may 
be required (Ugarte et al., 2007).  
4.3.2. Effects of ASC concentration on reduction of E. coli O157:H7 population on 
spinach surfaces 
     In a separate test, 0.6% NWS was found to cause discoloration of spinach leaves (data 
not shown). Therefore, NWS was excluded for further consideration. The ASC was used 
for evaluating the effect of sanitizer concentration on E. coli population reduction during 
an ultrasound treatment. It can be seen from Figure 4.1 that the E. coli count reduction for 
an ASC and ultrasound combined treatment increased significantly when the 
concentration of ASC increased from 0 mg/L to 200 mg/L (p < 0.05). However, there was 
no significant difference in log reduction when the concentration of ASC was between 
200 mg/L to 500 mg/L (p < 0.05). As a result, an ASC concentration of > 200 mg/L may 
not be needed for a produce sanitation operation. Cruz et al. (2006) also reported that 
there was no obvious difference in the reduction of total coliforms on shredded carrots 
when the ASC concentration was at 250 mg/L and 500 mg/L.    
4.3.3. Effects of sonication time and power density on removal of E. coli O157:H7 
from spinach leaves  
     Figure 4.2 shows E. coli population reductions for different ultrasound treatment times 
when the ASC concentration was 200 mg/L. A significant increase in log reduction over 
time can be observed, except for the data at 0.5 min and 1 min. The survival count 
reduction for treatment time of 0.5 and 1 min also increased with time but the increase 
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was not significant. Increasing ultrasound treatment time would thus result in a higher E. 
coli reduction from spinach surfaces, provided the quality of the spinach remains 
acceptable. There should be an optimal sonication time at which a maximal log reduction 
can be achieved without compromising the produce quality. A similar report was 
published by Huang et al. (2006) with an observation that the reduction of E. coli 
O157:H7 inoculated on lettuce by an ultrasound and chlorine dioxide (40 mg/L) 
combined treatment was enhanced when the treatment time increased from 3 min to 6 
min.    
     As cavitation activities are related to acoustic energy dissipation, the effect of acoustic 
energy consumed during an ultrasonic treatment on E. coli population reduction was 
evaluated. Generally, increasing acoustic power density (APD) led to an increase in 
microbial count reduction (Figure 4.3). A close look at Figure 4.3 revealed that, the log 
reduction of E. coli O157:H7 with an APD of 300 W/L was significantly higher than that 
from an APD of 100 W/L or 200 W/L, but was less than that of 500 W/L (p < 0.05).  
There was no significant difference between 300 W/L and 400 W/L treatments (p < 0.05). 
Interestingly, the 100 W/L treatment was significantly less effective compared to the non-
ultrasound treatment (p < 0.05). The ultrasound treatment at the low APD of 100 W/L 
may have helped the break-up of cell clumps that produced an increased E. coli count in 
the subsequent plating counting.  
4.3.4. Effects of ultrasound input power on E. coli O157:H7 inactivation in distilled 
water 
     The effect of ultrasound input power on inactivation of E. coli O157:H7 cell in 
distilled water with an ultrasonic probe system was evaluated. The result (Figure 4.4) 
indicated that with an APD of less than 300 W/L and at room temperature, there was no 
significant reduction of E. coli population when the sonication time 2 min. At an APD of 
500 W/L, a significant reduction in E. coli O157:H7 count was recorded, but the log 
reduction was too small for safety control purposes. It should be noted that with an APD 
of >300 W/L, as shown in section 3.1, the damage of spinach leaves was not acceptable.  
This indicates that, with an APD at a level not causing produce quality degradation, the 
inactivation of E. coli O157:H7 in washing water is minimal, if not negligible. An 
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important implication of this finding is that in an ultrasound-assisted produce wash, if the 
sanitizer concentration is low, the pathogenic cells washed off or removed from the 
produce surfaces would not be killed by ultrasound and may cross-contaminate other 
produce surfaces.  To prevent this from happening, in a chlorine and ultrasound 
combined treatment, for instance, the free chlorine concentration in the washing tank 
must be carefully monitored, and maintained at a level high enough to kill microbial cells 
in the washing solution.  
     The lethal effect of ultrasonic waves on microorganisms has long been observed since 
1930s (Harvey and Loomis 1929). Over the years, the use of ultrasound to inactivate 
planktonic microorganisms has been studied, with organisms such as Listeria 
monocytogenes (Pagán et al.,  1999a, 1999b; Mañas and Pagán, 2000; Baumann et al.,  
2005), E. coli (Scherba et al.,  1991; Hua and Thompson 2000; Furuta et al.,  2004; 
Ugarte et al.,  2007), Bacillus subtilis (Garcia et al.,  1989; Sala et al.,  1995; Raso et al.,  
1998a), Salmonella spp (Lee et al.,  1989; Sams and Feria, 1991), and Shigella (Ugarte et 
al.,  2007). Earlier sonication tests had obtained an low inactivation rates of only one log 
reduction in 3 to over 80 min because of the relatively low APD (Jacobs and Thornley 
1954; and Kinsloe et al., 1954). It should be noted that most of the ultrasonic inactivation 
tests conducted with planktonic cells are aimed at applications associated with liquid food 
pasteurization. Therefore, only a relatively high APD and a small treatment volume have 
been involved in these studies. In fresh produce surface disinfection applications, 
however, the APD is limited by a threshold of not causing produce damage. In addition, a 
large volume of wash water is used. These all point to a fact that in an ultrasonic wash of 
produce, other lethal factors such as a sanitizer has to be used in together with ultrasound.    
4.3.5. Decay of selected sanitizers during ultrasonication disinfection  
4.3.5.1. Decay of free chlorine during ultrasound treatment  
     In this study, the decay of free chlorine during ultrasound treatment was investigated.     
The changes in the free chlorine and total chlorine concentrations during an ultrasound-
assisted wash of fresh-cut romaine lettuce under different sample-to-solution ratios (1:5, 
1:10, and 1:20) are shown in Figure 4.5 B&D. A chlorine only wash was used as control 
and the results are presented in Figure 4.5 A&C. Generally, a decrease in chlorine 
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concentration with time can be observed in all samples both with and without ultrasound. 
An increase in the produce to solution ratio was accompanied by an increase in chlorine 
decay. At a high produce loading (1:5), the concentration reduction was significantly 
higher than at a lower loading (1:10 or 1:20). There was no significant difference for 
chlorine concentration decay between sample-to-solution ratios of 1:10 and 1:20.  
     In the tests with ultrasound (Figure 4.5 B&D), the degradation of free chlorine and 
total chlorine in the 4-min treatment was more pronounced than those without ultrasound 
(Figure 4.5A&C). The cavitation activity during an ultrasound treatment may have 
played a role accelerating the decay of free chlorine. It is well know that cavitation would 
trigger water molecules disassociation with a generation of free radicals, such as H 
radical and hydroxyl radical (OH·) (Feng and Yang, 2005). These radicals may react with 
free available chlorine, which consists of hypochlorous acid (HClO) and hypochlorite 
ions (ClO–) (Herdt and Feng, 2009) and cause reduction in free chlorine concentration. 
No studies have investigated the mechanism for such degradation reactions. Nevertheless, 
in a wet wood chlorination treatment with ultrasound at 27 kHz in a bath, an 11% 
reduction in active chlorine concentration has been observed when treatment time was 40 
min (Khajavi and Azari, 2007). The maximum reduction in the 4-min treatment in free 
chlorine concentration was 14.4% in this study.  The relatively fast reduction observed in 
this work may be caused by the relatively high acoustic power density, as well as an 
accelerated leaking of organic matter from fresh cut produce by ultrasound. The cut 
lettuce used in this study had cut surfaces exposed to water. An increase in mass transfer 
by ultrasonication that has been well documented (Simal et al. 1998) may have helped 
secretion of fresh or fresh-cut produce exudates into the water.  This increase in organic 
matter would in turn speed up the degradation of free chlorine, as reported by (Luo et al., 
2010).  As can be seen from Figure 4.5, when large amount of cut lettuce was loaded in 
the washing solution, i.e. at a high produce to water ratio, the decay of chlorine was more 
than at a lower produce to water ratio, as more produce samples in the water would have 
more cut surfaces and then more organic matter leaking into the water from the cur 
surfaces. In addition, the ultrasonic cavitation may break the cells of vegetal material and 
release cell contents causing an increase in organic load in the washing solution 
(Demaggio, 1964; Moulton and Wang, 1982; Toma, 2001).  
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     The concentration reduction of free and total chlorine followed an exponential decay 
kinetic model (f=y0+a*exp(-b*x)) for samples washed with and without ultrasonication 
at three produce-to-solution ratios (Tables 4.3&4.4). The D values at 24º of chlorine 
decay under different produce-to-solution ratios followed a linear model (y=a+b*x).  
     Chlorine has been widely used as a sanitizer in commercial produce wash (Brackett, 
1994; Ahvenainen, 1996; Beuchat, 1998), while hypochlorous acid is the most 
efficacious form of chlorine (Zagory, 2000). However, studies have shown that chlorine 
used at concentrations of 50-200 mg/L permitted by the FDA lacked efficacy in 
inactivation of human pathogens and spoilage microorganisms (Beuchat, 1998; Zhang 
and Farber, 1996). The technical challenge in a commercial fresh-cut wash operation has 
been how to maintain a relatively stable level of hypochlorous acid as this weak acid 
reacts quickly with organic materials present in wash solution (Gil et al., 2009). The data 
reported in this study demonstrated that in an ultrasound-assisted wash, the decay of 
chlorine is further accelerated. Therefore, precautions must be taken to regularly monitor 
chlorine concentration during ultrasound and chlorine combined treatment.  
4.3.5.2. Decay of acidified sodium chlorite during ultrasound treatment  
     In this study, the decay of acidified sodium chlorite during ultrasonication disinfection 
was examined.  The ASC concentration changes during an ultrasound treatment (0 - 4 
min) are shown in Figure 4.6. Under the experimental conditions used in this study, no 
significant changes in concentration of ASC were observed during the 4 min treatment 
with ultrasound in the presence of romaine lettuce.  Therefore, ultrasonication treatment 
would not cause decay of ASC in the washing solution.       
     Acidified sodium chlorite (ASC; Alcide Corp., Redmond, WA) is a solution of sodium 
chlorite (NaClO2) and a selected GRAS acid to reach a pH of 2.5–3.2 (Warf, 2001). It has 
been reported that ASC has a strong antimicrobial effect against E. coli O157:H7 and 
Salmonella spp. inoculated on fruit and vegetables (Park and Beuchat, 1999). ASC (500–
1200 μL/L) has been approved by the FDA for spray or dip application in various food 
products, including fresh and fresh-cut produce (FDA, 2000). The antimicrobial 
properties of ASC in aqueous solution is attributed to its oxidative mode of action (Ruiz-
Cruz et al., 2006), and hence concerns have been raised about potential decay of ASC 
induced by organic materials.  
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4.3.5.3. Decay of peroxyacetic acid during ultrasound treatment 
    The peroxyacetic acid concentration changes during a treatment (0 - 4 min) are 
shown in Figure 4.7. Similar to ASC, the concentration of peroxyacetic acid remained 
unchanged during the 4-min ultrasound-assisted wash. Consequently, ultrasound 
treatment has no effect on concentration of peroxyacetic acid in the washing solution. 
Peroxyacetic acid (POAA) is an oxidant and as a disinfectant is more efficient than 
chlorine or chorine dioxide (Kitis, 2004). During a disinfection treatment, POAA breaks 
down into oxygen and acetic acid, and finally decomposes to carbonic anhydride and 
water, which are safe and environmentally friendly residues (Munarca et al., 2002). In 
addition, its activity is little influenced by the presence of organic material (Hilgren et al., 
2007; Ruiz-Cruz et al., 2007), and free of the inhibition of peroxidase (Block, 1992). The 
results of this study further demonstrated that POAA is stable during an ultrasound 
treatment. As a result, the ultrasound and POAA combined treatment may have an 
advantage over an ultrasound and chlorine combined wash.  
4.4. Conclusions 
     The ultrasound treatment with an APD of 200 W/L significantly enhanced the removal 
of E. coli O157:H7 cells from spinach surfaces in all treatments. An increase in the 
concentration of ASC enhanced the efficacy of ASC and ultrasonication combined 
treatments. Increasing the treatment time of ultrasonication from 0 to 4 min and APD 
from 0 W/L to 500 W/L both significantly improved the efficacy in the survival count 
reduction (p < 0.05). Ultrasonication accelerated the degradation of free chlorine and total 
chlorine during the 4-min treatment compared to a wash without ultrasound. The 
concentrations of ASC and POAA remained unchanged during an ultrasound-assisted 
wash.  
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4.6. Figures and Tables 
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Figure 4.1 Effect of ASC concentration on the inactivation of E. coli O157:H7 
inoculated on spinach surface. Treatment time = 2 min; APD = 200 W/L. Error bar 
represents standard deviation. 
0
1
2
3
4
5
6
0 0.5 1 2 3 4
Treament time (minute)
M
ea
n 
re
du
ct
io
n 
of
 lo
g 
(C
FU
/g
 sa
m
pl
e)
a
ab
e
d
c
b
LSD=0.25, df=28, Alpha=0.05
 
Figure 4.2 Effect of ultrasound treatment time on the inactivation of E. coli O157:H7 
inoculated on spinach surface. ASC concentration = 200 mg/L; APD = 200 W/L.  Error 
bar represents standard deviation. 
99 
 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 100 200 300 400 500
Input power density of ultrasound (W/L)
M
ea
n 
re
du
ct
io
n 
of
 lo
g 
(C
FU
/g
 sa
m
pl
e)
b a
e
dd
c
LSD=0.10, df=28, Alpha=0.05
 
Figure 4.3 Effect of APD on the inactivation of E. coli O157:H7 inoculated on spinach 
surface. Treatment time = 2 min; ASC concentration = 200 mg/L. Error represents 
standard deviation. 
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Figure 4.4 Effect of ultrasound APD on E. coli O157:H7 inactivation in distilled water at 
21 kHz and room temperature for 2 min. 
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Figure 4.5 Chlorine decay in washing system in the presence of fresh-cut romaine lettuce. 
(A) free chlorine without ultrasonication; (B) free chlorine with ultrasonication; (C) total 
chlorine without ultrasonication; and (D) total chlorine with ultrasonication. 
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Figure 4.6 Decay of acidified sodium chlorite in ultrasonic probe system in the presence 
of fresh-cut romaine lettuce. (A) water wash only and (B) ultrasound-assisted wash. 
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Figure 4.7 Decay of peroxyacetic acid in ultrasonic probe system in the presence of 
fresh-cut romaine lettuce. (A) water wash only and (B) ultrasound-assisted wash. 
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Table 4.1 Reduction of E. coli O157:H7 from spinach surfaces treated with ultrasound in 
combination with selected sanitizers for 2 min.  
Treatment 
Population reduction (log CFU/g sample)x 
Sanitizer Ultrasound (200 W/L)+ Sanitizer Reduction 
H2O 1.0ay 2.1b 1.1 
Chlorinated water (200 mg/L) 2.0b 3.1c 1.1 
AEW (80 mg/L) 2.2b 3.1c 0.9 
Trunami-100 (80 mg/L) 2.2b 2.9c 0.7 
ASC (200 mg/L) 3.1c 4.0d 0.9 
xInitial counts of E. coli 87-23 on the apple pieces were 7.1 ± 0.8 log CFU/g sample (mean ± standard 
deviation). 
yData followed by different letters are significantly (p < 0.05) different among the treatments (LSD=0.559, 
df=81). 
 
 
 
Table 4.2 Recovery of E. coli O157:H7 from the washing solution. 
Treatment 
Population (log CFU/ml washing solution) 
Sanitizer Ultrasound (200 W/L)+ Sanitizer
H2O 2.6ax 3.2b 
Chlorinated water (200 mg/L)  NDy ND 
AEW (80 mg/L) ND ND 
Trunami-100 (80 mg/L) ND ND 
ASC (200 mg/L) ND ND 
xData followed by different letters in the same column are significantly (p < 0.05) different among the 
treatments (LSD=0.319, df=81). 
yND: not detectable. 
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Table 4.3 Modeling parameters for free chlorine decay. 
Treatment ratio y0 a b R2 
No-ultrasound 1:5 152.6 13.33 1.85 0.9998 
1:10 164.9 2.97 2.10 0.9999 
1:20 166.9 1.50 0.37 0.9999 
Ultrasound 1:5 135.6 34.95 1.23 0.9999 
1:10 159.7 8.16 2.68 0.9999 
1:20 161.5 8.98 2.95 0.9999 
  
Table 4.4 D-value for free chlorine decay. 
Ratio D value (min, Water) D value (min, Ultrasound) 
1:5 116 46 
1:10 625 256 
1:20 1429 233 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
104 
 
CHAPTER 5 
EFFECT OF SYSTEM AND OPERATIONAL PARAMETERS ON THE 
DISINFECTION EFFICACY 
 
ABSTRACT 
 
     Ultrasound-assisted sanitation can potentially provide a significant improvement in the 
microbial safety of leafy green produce. It was postulated that the inconsistent 
inactivation results reported in the literature might be caused by a misuse of the 
ultrasound system and/or the operational conditions employed in the treatments. This 
study was thus undertaken to investigate the effects of ultrasonic system and operational 
parameters on the disinfection efficacy. A new continuous flow ultrasonic washing 
system was designed and fabricated for the purpose.  
     The results demonstrated that the new ultrasonic washing system has a uniform 
ultrasound field distribution as confirmed by the observed perforations on aluminum foils 
at different locations in the ultrasonic channel. Further, the uniform distribution was 
verified with an E. coli 87-23 inactivation test where no difference in the log reduction 
from spinach leaves placed at the different locations across the 304.8-mm wide channel 
was observed. The results also showed that there was no significant difference in the 
removal of E. coli O157:H7 from spinach leaves between 25 kHz and 40 kHz ultrasound 
treatments (p < 0.05) for 1 min. However, the 75 kHz ultrasound treatment was 
significantly less effective compared to two other frequencies (p < 0.05). The acoustic 
power density was determined to be 79.41 W/L for 25 kHz, 68.95 W/L for 45 kHz and 
33.64 W/L for 75 kHz under the maximum power level. The results also demonstrated 
that the screening of ultrasound resulted from overlapping significantly affected the 
distribution of cavitation. The damage of five overlapping aluminum foils caused by 
acoustic cavitation for the inner pieces was significantly less than that on the outer pieces. 
The microbial reduction of 5-piece overlapping spinach leaves was also significantly less 
compared to no-overlapping leaves.     
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5.1. Introduction 
     In an effort to enhance the efficacy of a traditional fresh produce decontamination 
operation, the combination of more than one disinfection method has been explored. Such 
a combination strategy often deals with the use of a physical energy with a selected 
chemical sanitizer. The physical energies that have been investigated for produce 
disinfection include hot water/heat (Pao and Davis, 1999; Stringer et al., 2007), 
irradiation (Niemira et al., 2002; Fan et al., 2003), UV (Yaun et al., 2004; Allende et al., 
2006)), pulsed light (Ozer and Demirci, 2006; Rowan, 1999), and plasma (Kelly-
Wintenberg et al., 1999; Vleugels et al., 2005).  The combined treatment of a selected 
sanitizer with high-intensity ultrasound or power ultrasound with frequencies ranging 
from 20 kHz to 100 kHz is another promising method (Zhou et al., 2009).  
     Ultrasonication has been used for years in surface cleaning of industrial parts (Feng 
and Yang, 2010). The use of power ultrasound as an alternative for fresh produce 
decontamination is a relatively new endeavor. The combination of ultrasonication and 
selected sanitizers can potentially provide significant improvements to the microbial 
safety of leafy green produce. Until now, however, reports on how ultrasound technique 
improves microbial inactivation efficiency for cells attached to food surface or food 
contact surface are limited (Mott et al., 1998; Berrang et al., 2008).  Contradictory results 
about the efficacy of ultrasound-assisted fresh produce treatments can be seen from the 
published reports (Ajlouni et al., 2006; Huang et al., 2006). As reported by Huang et al. 
(2006), Ajlouni et al. (2006), and Seymour et al. (2002), the combination of ultrasound 
with sanitizers enhanced the removal of human pathogens or natural microflora attached 
to iceberg lettuce compared to sanitizer wash alone. However, Huang et al. (2006) 
showed that ultrasonication of Cos lettuce did not provide significant improvement in 
inactivation of E. coli O157:H7 inoculated on lettuce. Ajlouni et al. (2006) also found 
that ultrasonication with 40 kHz has no bactericidal effects on the total or on the 
psychrophilic counts by sanitizers alone, while long-time ultrasonication (20 min) caused 
significant damage to the quality of Cos lettuce tissues.   
      The lack of effectiveness in some reports might be caused by the ultrasonication 
system and/or the operational procedures used in those disinfection treatments. There are 
a few key factors that have to be considered when applying ultrasound to a produce wash 
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operation. For instance, dissolved gas in a washing solution is known to decrease the 
cavitation activity in a cleaning operation (Awad, 2010). Therefore, degassing is essential 
for any ultrasonic cleaning applications. More importantly, the acoustic field distribution 
in an ultrasonic treatment chamber or tank is not uniform, mainly due to a standing wave 
formation (Watmough, 1994). The nonuniform ultrasound field distribution and hence the 
nonuniform cavitation may result in variations in microbial inactivation activities at 
different locations in a washing tank. Consequently, during a wash treatment, those 
produce leaves that have received a good dose of ultrasound treatment and thus have a 
low microbial count would be easily cross-contaminated by neighboring leaves that have 
received less ultrasound treatment due to blockage of produce leaves to ultrasound 
propagation in the wash liquid and hence have a high microbial population. A good 
understanding of the underlining principles of power ultrasound, as well as a good design 
in wash system and use of right operation procedures is prerequisite for fully utilizing the 
power of ultrasound in produce decontamination applications. In addition, the efficacy of 
ultrasound is also affected by ultrasound frequency, power level, the size and shape of the 
ultrasonic bath, the volume, temperature and nature of the liquid, and treatment time 
(Jeng et al., 1990; Zhou et al., 2009).  
     In the present study, experiments were designed to examine the effects of ultrasound 
distribution, screening, frequency, and acoustic power level on surface decontamination 
of leafy green produce. A new pilot scale ultrasonic washing system was designed and 
built in this study. The cavitation activity in the pilot ultrasonic washer was examined 
with the aluminum foil method and its effect on microbial removal was examined by 
spinach disinfection tests. 
5.2. Materials and methods 
5.2.1. Design and testing of a model ultrasonic washing system 
     A metallic channel with transducer blocks embedded was installed into a pilot scale 
produce washer (FTNON, 7602 KA Almelo, Holland). The transducer blocks had a 
dimension of 400 mm  400 mm  50 mm, each with a rated power of 1kW. The channel 
was formed with six ultrasonic blocks, two in a pair at 25 kHz, 40 kHz and 75 kHz, 
respectively. The blocks were vertically mounted into two walls that formed a channel 
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with adjustable width. The arrangement of the blocks in the two walls allowed the blocks 
with the same frequency facing each other in the channel.   
5.2.1.1. Ultrasound intensity in the fixed channel 
     The distance between the two ultrasonic walls was fixed at 304.8 mm in this test. A 
piece of aluminum foil (304.8 mm  228.6 mm) was fixed on a metal wire frame, and 
inserted vertically and parallel to the wall into the ultrasonic washing channel at a 
location of 25.4 mm, 76.2 mm, 152.4 mm, 228.6 mm, or 279.4 mm to one side of the 
channel. The aluminum foil was exposed to ultrasound for 30 seconds without degassing 
and agitation, and photos were taken to examine the distribution of ultrasonic intensity. In 
addition, a disinfection test was conducted to investigate what is the effect of the distance 
to a wall on removal of E. coli cells. Individual whole spinach leaves spot-inoculated by 
E. coli 87-23 (E. coli O157:H7 surrogate strain) were attached to a plastic board, placed 
at 25.4 mm, 152.4 mm and 279.4 mm from one wall in the ultrasonic channel, treated 
under 25 kHz ultrasound for 1 min treated in 50 mg/L chlorinated water. The spinach 
leaves treated were sampled for microbial analysis referring to section 5.2.3 for microbial 
cultivation, inoculation, and numeration. 
5.2.1.2. Ultrasonic intensity with variable channel width  
In this test, the effect of channel width distance between the two walls was examined by 
increasing the distance from 304.8 mm, with an incremental of 50.8 mm, to 609.6 mm. 
Individual whole spinach leaves spot-inoculated by E. coli 87-23, a non-pathogenic strain 
of E. coli O157:H7 from Produce Quality and Safety Lab, USDA ARS (Beltsville, MD), 
were attached to a plastic board, placed vertically in the middle of ultrasonic channel for 
sonication treatment for 1 min in 50 mg/L chlorinated water. The treated spinach leaves 
were sampled for microbial analysis referring to section 5.2.3 for microbial cultivation, 
inoculation, and numeration. 
5.2.1.3. Ultrasound Frequency  
     In order to test the effect of different frequencies of ultrasound with on the 
inactivation of E. coli 87-23 (E. coli O157:H7 surrogate strain) inoculated on spinach leaf 
surfaces, ultrasonic frequencies of 25 kHz, 40 kHz and 75 kHz were applied for the batch 
treatments in the tank system with 50 mg/L of chlorine added. A single leaf of spinach 
supplied by a company in California and spot-inoculated with E. coli 87-23 (E. coli 
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O157:H7 surrogate strain) on the upper surface (smooth surface) was taped onto an 
opening on a plastic board, vertically inserted in to the ultrasound channel at a middle 
location with the 304.8 mm channel, and treated with a chlorine concentration 50 mg/L 
chlorine with and without an ultrasonication for 1 min. At the end of each treatment, 
spinach leaves were sampled for microbial analysis referring to section 5.2.3 for 
microbial cultivation, inoculation, and numeration. 
5.2.2. Effect of operation parameters   
5.2.2.1. Effect of samples overlapping and ultrasound screening 
      Firstly, five layers of aluminum foil overlapped together were inserted at the location 
of 152.4 mm from each side of the channel, and treated by ultrasound for 30 seconds 
without degassing and agitation. Photos were taken for each aluminum foil to see how far 
the ultrasound can potentially penetrate into the inner layer.  
     Secondly, the distance between the two walls was set up to 304.8 mm. 5 pieces of 
whole spinach leaves were spot-inoculated with E. coli O157:H7 on the upper surface 
(smooth surface), overlapped together, taped onto an opening on a plastic board, and 
vertically inserted in to the ultrasound channel at a middle location with the 304.8 mm 
channel. Spinach leaves inoculated were treated with 50 mg/L chlorine with and without 
an ultrasonication for 1 min. At the end of each treatment, spinach leaves treated were 
sampled for microbial analysis referring to section 5.2.3 for microbial cultivation, 
inoculation, and numeration. 
5.2.2.2. Degassing and flow of washing solution 
     Firstly, a single piece of aluminum foil was inserted at the location of 152.4 mm from 
a wall, treated by ultrasound for 30 seconds with and without degassing (10 min) and 
water flow (flow rate = 9 m/min). Photos were taken to examine the effect of degassing 
and agitation on ultrasound field intensity and distribution, as manifested on the 
aluminum foil as perforation or pitting.  
     Secondly, a whole spinach leaf inoculated with E. coli 87-23 (E. coli O157:H7 
surrogate strain) attached to the plastic board was vertically placed at the middle of the 
ultrasonic channel with the width of 304.8 mm for sonication treatments for 1 min with or 
without degassing (10 min) and water flow (linear flow rate = 9 m/min). Spinach samples 
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(unwashed) were purchased from Central Illinois Produce Wholesale Market (Urbana, 
IL). Ultrasound blocks used in the tests were set at 25 kHz. The two blocks were 
embedded into two walls that formed a channel. For chlorine and ultrasound combined 
treatments, the chlorine concentration was 50 mg/L. The treated spinach leaves were 
sampled for microbial analysis referring to section 5.2.3 for microbial cultivation, 
inoculation, and numeration. 
5.2.3. Microbial analysis 
5.2.3.1. Inoculum preparation  
     The E. coli O157:H7, strain 87-23 (non-pathogenic) was obtained from the former 
Produce Quality and Safety Laboratory, USDA-ARS (Beltsville, MD), and was 
transferred 3 times to tryptic soy broth (pH 7.3, Difco Laboratories, Detroit, Mich., 
U.S.A.) by loop inoculation at successive 24-h intervals and incubated at 37°C. Bacterial 
cells were harvested, after 24 h of growth, by centrifugation (6000 × g) at 4°C for 10 
min. The cell pellets were washed twice in peptone water (0.85% NaCl, 0.1% Bacto 
Peptone), and resuspended in 10 mL of peptone water. The final concentration of E. coli 
O157:H7 in the inoculum was determined by plating serial dilutions on TSA containing 
50µg/ml nalidixic acid and incubating at 37°C for 24 h, was approximately 109 CFU/mL.  
5.2.3.2. Inoculation of spinach leaves  
     Baby spinach, which was obtained from a local wholesale market, kept at 4°C and 
used within 3 d, was spot-inoculated on upper surfaces with 100 μL per leaf of the 
inoculum and air-dried for 60 min in a laminar flow biological hood (Labconco Purifier 
PCR Enclosure, Kansas City, Mich., U.S.A.) before treatments. 
5.2.3.3. Microbial analysis  
     Twenty five grams of treated spinach leaves were macerated in 225 mL 0.1% (w/v) 
sterile peptone water for 2 min with a stomacher blender (Lab-Blender 400, Cooke 
Laboratory Products, Alexandria, VA, U.S.A.). The homogenate was filtered through 
sterile glass-wool, serially diluted in peptone water, plated (100 μL in triplicate) on 
trypticase soy agar (TSA, Difco Laboratories) containing 50 µg/mL nalidixic acid, and 
incubated at 37°C for 24 h before enumeration, while that for natural microflora was 
monitored with 3M Petri films.   
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5.2.4. Statistical analysis 
     Three replications for each treatment were performed. The GLM procedure of SAS 
(SAS institute, Cary, N.C., U.S.A.) was applied for data analysis. The Fisher’s LSD test 
was used to determine differences among means at α = 0.05.  
5.3. Results and discussions 
5.3.1. Effect of system parameters on the disinfection of spinach leaves 
5.3.1.1. The distribution of ultrasonic intensity in the washing channel of a 
continuous flow ultrasonic washing system  
     In this study, the distribution of ultrasonic intensity in the model system of ultrasonic 
washing was investigated. Aluminum foil analysis as one of the classical physical 
methods was used for investigating the distribution of ultrasonic intensity in an ultrasonic 
washing channel through the mechanical effects caused by ultrasound cavitation events 
(Pugin, 2006). The ultrasound-introduced cavitation can cause the marked erosion or 
perforation of aluminum foil.   
     The results (Figure 5.1) indicate that there was no noticeable difference in the damage 
of aluminum foil treated by ultrasound at five locations in the channel, which indicated 
that the distribution of cavitation activity across the washing channel was nearly uniform.  
Unlike the design of this new prototype system, the traditional commercial ultrasonic 
washing tank was not uniform based on the report by Watmough (1994). He used the 
dye/paper method to map ultrasound fields in an ultrasonic cleaning bath (300  155  
145 mm), to the underside of three separate circular piston transducers (diameter 50 mm), 
and demonstrated the non-uniform distribution of energy density and cavitational activity. 
It was also shown that removal of a layer of artificial contaminant from a surface varied 
considerably with position because of standing waves set up by reflections on the walls of 
the bath and at the liquid surface. Other researchers also reported that the acoustic field 
distribution in an ultrasonic tank varied with the type of bath, its size, and the distance 
from transducer irradiating surface (Jenderka et al., 2006). Ultrasound intensity 
diminishes along the increasing distance from the irradiating surface of ultrasound source. 
In the liquid medium in the ultrasonic washing tank, standing wave can form in the low 
frequency range of ultrasound. A standing wave is also known as a stationary wave, 
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which is a wave that remains in a constant position and results in a nonuniform 
distribution of ultrasound-introduced cavitation. On the other hand, the width of 
ultrasound channel prefers to be greater without the significant impairment of the 
ultrasound intensity because it affects the production of the industrial lines.  
5.3.1.2. Effects of the geometric parameters of ultrasonic washing system on 
removal of E. coli O157:H7 from spinach leaves 
In this study, the effect of the intensity distribution of ultrasonic channel on the 
removal of E. coli O157:H7 from spinach leaves was evaluated. The results (Figure 5.2) 
indicated that there was no significant difference in log reduction of E. coli 87-23 from 
spinach leaves at the different point across the 304.8-mm wide channel. In addition, the 
effect of channel width on the removal of E. coli O157:H7 from spinach leaves through 
affecting the ultrasonic intensity in washing channel (Figure 5.3) was evaluated. The 
channel width varies from 304.8 to 609.6 mm. At the end of each treatment, the treated 
samples were removed to a sterile stomacher bag for microbial analysis. The results 
indicated that a significant decrease in log reduction with increasing channel width can be 
observed, except for the data between 508 and 558.8 mm. 
5.3.1.3. Effects of ultrasound frequency on removal of E. coli O157:H7 from spinach 
leaves 
    The effect of the frequency on removal of E. coli O157:H7 from spinach leaves is 
shown in Figure 5.4. It can be seen that there was no significant difference between 25 
kHz and 40 kHz ultrasound treatments (p < 0.05) for 1min. However, the 75 kHz 
ultrasound treatment was significantly less effective compared to two other frequencies 
(p < 0.05). The acoustic power density was 79.41 W/L for 25 kHz, 68.95 W/L for 45 kHz 
and 33.64 W/L for 75 kHz under the maximum power level. Jenderka et al. (2006) also 
reported that the ultrasound intensity or power decreased with the increasing frequency of 
ultrasound. In addition, the locations of standing wave nulls change with different 
frequencies (Laborde et al., 1998). Therefore, the application of multiple-frequencies may 
be a way to avoid the negative effect of standing wave on ultrasound distribution.  
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5.3.2. Effect of operation parameters on the disinfection of spinach leaves 
5.3.2.1 Effects of sonication time and power density on removal of E. coli O157:H7 
from spinach leaves  
Figure 5.5 shows E. coli population reductions when sonicated for different times at a 
chlorine concentration of 50 mg/L. A significant increase in log reduction over time can 
be observed, except for the data at 0.75 min and 1 min. An increase in ultrasound 
treatment time would thus result in a higher E. coli reduction from spinach surfaces, 
provided the quality of the spinach remains acceptable. There should be an optimal 
sonication time at which a maximal log reduction can be achieved without compromising 
the produce quality. A similar report was published by Huang et al. (2006) with an 
observation that the reduction of E. coli O157:H7 inoculated on lettuce by an ultrasound 
and chlorine dioxide (40 mg/L) combined treatment was enhanced when the treatment 
time increased from 3 min to 6 min.  
     As cavitation activities are related to acoustic energy dissipation, the effect of acoustic 
energy consumed during an ultrasonic treatment on E. coli population reduction was 
evaluated. Generally, increasing acoustic power density (APD) led to an increase in 
microbial count reduction (Figure 5.6). A close look at Figure 5.6 revealed that, the log 
reduction of E. coli O157:H7 with an APD of 300 W/L was significantly higher than that 
from an APD of 100 W/L or 200 W/L, but was less than that of 500 W/L (p < 0.05).  
There was no significant difference between 300 W/L and 400 W/L treatments (p < 0.05). 
Interestingly, the 100 W/L treatment was significantly less effective compared to the non-
ultrasound treatment (p < 0.05). The ultrasound treatment at the low APD of 100 W/L 
may have helped the break-up of cell clumps that produced an increased E. coli count in 
the subsequent plating counting.  
5.3.2.2. Effect of screening on the damage of aluminum foil and the disinfection of 
spinach leaves 
     The effect of screening on the damage of aluminum foil and the disinfection of 
spinach leaves was investigated. Figure 5.7 shows that the overlapping of aluminum foil 
affected the damage of aluminum foil caused by ultrasound-generated cavitation. The 
cavitation-induced damage spots on aluminum foils decreased significantly from the 
outside layer to the inside layer. Figure 5.8 also showed that the overlapping between 
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spinach leaves significantly reduced the inactivation efficacy of the ultrasonication and 
chlorine combined wash by 2 log cycle reduction. 
     It has been found that the penetration of ultrasound is limited in transmission media, 
for example in biological tissue, and the penetration is dependent on frequencies (Fry and 
Barger 1978). O’Dell (1992) reported that 5 MHz medical ultrasound can yield a 
penetration depth of up to 20 cm into human fat tissue. As known, the penetration of the 
ultrasonic wave is proportional to wavelength and inversely proportional to frequency. 
Low-frequency ultrasound (20–100 kHz range) can penetrate to a depth of tens of 
centimeters in various tissue types (Christensen, 1988; Stewart, 1982). The depth of 
ultrasound penetration is usually described in terms of the half-value depth for a specific 
ultrasound frequency. The half-value depth is the distance at which 50% of the ultrasound 
energy has been dissipated. In industrial production, a high load of spinach leaves will 
normally put in the ultrasonic washing tank. It is foreseeable that the produce leaves will 
be overlapped, creating screening of the ultrasound irradiation. Therefore, ultrasound 
screening is a critical factor for an ultrasound cleaning process.  
5.3.2.3. Effect of degassing and water flow on ultrasonic intensity and disinfection 
efficacy 
     The effect of degassing and flow arrangement on ultrasonic intensity in continuous 
flow ultrasonic washing system is examined. The result showed that degassing increased 
the damage of aluminum foil significantly compared to no degassing (Figure 5.9). As 
Mason and Lorimer (2002) mentioned, an increase in the gas content of a liquid can lead 
to a lowering of both the cavitational threshold and the intensity of the shock wave from 
the collapse of the bubble because of the increased number of nuclei (or weak spots) 
present in the liquid and the greater “cushioning” effect in the microbubble. Therefore, a 
degassing step is necessary in any practical ultrasonic cleaning application in order to 
remove the gases and enhance the process. The result in this study confirmed this 
statement. It was also noticed that agitation decreased the damage of aluminum foil, but 
increased the uniformity of damage cross the foil compared to no agitation. The decrease 
in damaged spots on aluminum foil may be contributed to the decrease in hydrostatic 
pressure in the water close to the aluminum foil surface.  Mason (1999) stated that the 
increase in hydrostatic pressure surrounding a cavitating bubble in a liquid generally 
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results in a decrease in the vapor pressure inside the bubble and hence an increase in the 
intensity of bubble implosion.  
      A further experiment has examined the effect of degassing and flow arrangement on 
the inactivation of E. coli 87-23 on leafy green produce in continuous flow ultrasonic 
washing system. The results (Figure 5.10) showed that a degassing for 20 min before the 
ultrasound treatment enhanced the microbial count reduction, but the 0.16 log cycle 
reduction enhancement was not significant for commercial operations. Furthermore, the 
agitation produced by the flow rate of 9 m/min had no significant effect on inactivation E. 
coli O157:H7 from spinach leaves.  
5.4. Conclusions 
     There was no significant difference in the removal of E. coli O157:H7 from spinach 
leaves between 25 kHz and 40 kHz ultrasound treatments (p < 0.05) for 1 min. However, 
the 75 kHz ultrasound treatment was significantly less effective compared to 25 and 40 
kHz frequencies (p < 0.05). The disinfection of baby spinach leaves by ultrasonication 
decrease over channel width from 304.8 mm to 609.6 mm. The blockage of ultrasound 
due to overlapping of spinach leaves decreased dramatically the decontamination efficacy 
of spinach leaves, and was a critical factor. A 20-min degassing prior to ultrasonication 
only resulted in a margin increase of 0.16 log cycle.     
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5.6. Figures and Tables 
Control            25.4 mm             76.2 mm        152.5 mm          228.6 mm   279.4 mm
 
Figure 5.1 Damage of aluminum foil treated for 30 seconds in the ultrasonic washing 
channel with a width of 304.8 mm. The numbers refer to the location of the foil in the 
ultrasonic channel. 
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Figure 5.2 Effect of the ultrasound and chlorine combined treatment on the inactivation 
of E. coli O157:H7 inoculated on spinach surface. 
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Figure 5.3 Effect of channel width on removal of E. coli O157:H7 inoculated on spinach 
surface in an ultrasound and chlorine combined treatment. 
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Figure 5.4 Inactivation of E. coli O157:H7 cells by ultrasound at different frequencies in 
combination with 50 mg/L chlorine. 
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Figure 5.5 Effect of ultrasound treatment time on the inactivation of E. coli O157:H7 
inoculated on spinach surface. Chlorine concentration = 50 mg/L. 
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Figure 5.6 Effect of APD on the inactivation of E. coli O157:H7 inoculated on spinach 
surfaces. Treatment time = 2 min and ASC concentration = 200 mg/L. 
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Figure 5.7 Effect of APD on the inactivation of E. coli O157:H7 inoculated on spinach 
surfaces. Treatment time = 2 min and ASC concentration = 200 mg/L. 
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Figure 5.8 Effect of overlapping on reduction of E. coli O157:H7 from surface of 
spinach. (1) No overlapping (chlorine concentration = 50 mg/L, APD=79.14 W/L, 
treatment time = 1 min without degassing, agitation and overlapping); (2) Overlapping 
with overlapping of 5 pieces of spinach leaves. 
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Figure 5.9 Damage of aluminum foil treated for 30 seconds in the ultrasonic washing 
channel with a width of 304.8 mm under different operation conditions: degassing and 
agitation. 
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Figure 5.10 Effect of operational modes on reduction of E. coli O157:H7 from surface of 
spinach when treated at chlorine concentration = 50 mg/L, APD=79.14 W/L, and 
treatment time = 1 min. (1) Without degassing, agitation and overlapping; (2) Degassing; 
and (3) Agitation with a flow rate of 9 m/min. 
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CHAPTER 6 
DISINFECTION OF SELECTED PRODUCE WITH A NEW CONTINUOUS-
FLOW PILOT SCALE ULTRASONIC WASHING SYSTEM 
 
ABSTRACT  
     A pilot-scale continuous-flow washer with multiple ultrasonic frequencies (25, 40, and 
75 kHz) and a nearly uniform ultrasonic field was used in this study to examine the 
efficacy of ultrasound-assisted produce wash. Spinach leaves, Roma tomatoes, and baby 
carrots were treated in the washer with chlorine in combination with ultrasound. The 
residence time of individual spinach leaves and batch leaves in the washer was between 
40 and 80 seconds and between 30 and 90 seconds, respectively. E. coli 87-23 cells, a 
nonpathogenic strain of E. coli O157:H7, were spot-inoculated on spinach leaves, or 
dipping-inoculated for carrots. The survival counts of E. coli after a treatment was 
analyzed by TSA with 50 mg/L nalidixiBrine in the continuous-flow system. Ultrasound 
enhanced the microbial reduction over a chlorine only wash by 1.02 and 0.53 log cycles 
for E. coli inoculated on spinach, 0.57 and 0.52 log cycle for aerobic plate count, 0.50 
and 0.15 log cycle for yeast and mold, for the single-leaf and batch-leaf wash, 
respectively. In the batch-leaf washes in chlorinated water, the increase in the reduction 
of yeast and mold was not statistically significant. Ultrasonication in a batch wash also 
enhanced the removal of E. coli O157:H7 from baby carrots by 1.24 log and 0.65 log 
cycle over a chlorine-only wash when treated for 1 min and 3 min, respectively, while the 
increase in log reduction was 0.75 log for aerobic plate count and was only 0.08 log for 
yeast and molds over a sanitizer only wash.  The new ultrasound-assisted continuous-
flow wash system significantly reduced pathogenic microbial counts inoculated on 
spinach surfaces.  This system may provide a promising tool for enhancing the microbial 
safety of fresh produce.   
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6.1. Introduction 
     A number of well-publicized food borne disease outbreaks (involving multiple deaths) 
in recent years have highlighted the need for effective disinfection of produce before it is 
packaged and put into distribution.  High-intensity ultrasound or power ultrasound has 
been widely used in industrial cleaning operations.  Surface cleaning and 
decontamination by ultrasound is believed to be caused by very small, cavitation-
generated water jets at a solid-liquid interface when a cavitating bubble collapses 
asymmetrically near the interface (Feng and Yang, 2010). The cavitation can affect a 
biological system by virtue of a highly localized temperature/pressure rise, mechanical 
stress, and/or free radical production (Riesz and Kondo, 1992).    
     In recent years, a few studies have been conducted with batch operation units using 
ultrasound in combination with chemical sanitizers to reduce microbial populations on 
produce. Seymour et al. (2002) studied the application of power ultrasound to produce 
decontamination in an ultrasound tank (batch operation) at frequencies of 25-70 kHz with 
seven vegetables, a fruit, and some herbs.  Ultrasound combined with chlorinated water 
obtained one log of additional reduction, compared to chlorine treatment without 
ultrasound.  They found that the frequency of ultrasound (25, 32-40, 62-70 kHz) had no 
significant effect on decontamination efficiency.  Scouten and Beuchat (2002) used 
ultrasound in combination with 1% calcium hydroxide in a batch operation to enhance 
the decontamination efficacy S. enterica and E. coli O157:H7 inoculated on alfalfa seeds, 
and obtain 3.95-log and 2.71-log cycle reduction at 55ºC for 5 min, respectively. Huang 
et al. (2006) reported up to one log additional reduction of S. enterica and E. coli 
O157:H7 inoculated on apples in an ultrasound and chlorine dioxide combined treatment, 
but found no obvious increase in log reduction for E. coli O157:H7 inoculated on lettuce 
when compared with a no ultrasound wash. Ajlouni et al. (2006) also observed no effect 
of ultrasound on the inactivation of natural flora on Cos lettuce in a 20-min batch 
washing with any of four sanitizer solutions (0.02% peroxyacetic acid, 4 mg/L hydrogen 
peroxide, 2% acetic acid, and 100 mg/L chlorinated water).  The lack of effectiveness 
reported by Huang et al. (2006) and Ajlouni er al. (2006) might be attributable to the 
nonuniform ultrasound distribution in the ultrasonic cleaning baths due to standing wave 
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formation, and to blockage of ultrasound propagation by produce leaves in the washing 
liquid (Zhou et al., 2009). 
     Experiments in the self-designed and self-built ultrasonic channel reported in Chapter 
5 have been carried out to examine the effect of a number of factors on the uniformity of 
ultrasound intensity in the tank, when operating at batch mode. The parameters examined 
included screening/overlapping, ultrasonic channel width, and the frequency of the 
ultrasound generator. The results demonstrated that the overlapping of aluminum affected 
the damage of aluminum foil caused by acoustic cavitation, and the overlapping between 
spinach leaves significantly reduced the inactivation efficacy of the ultrasonication and 
chlorine combined wash, and was a critical factor during the washing process.  There was 
no difference in the damage of aluminum foil treated by ultrasound at different locations 
in the channel, and in log reduction of E. coli 87-23 from spinach leaves at the different 
location across the 304.8-mm wide channel, which indicated that the distribution of 
ultrasonic intensity across the washing channel was uniform. For sonication at 25 kHz for 
1 min for the inactivation of E. coli O157:H7, the log reduction was the same as that of a 
treatment at 40 kHz (p < 0.05), but was greater than that of 75 kHz (p < 0.05).  Based on 
the information acquired in Chapter 5, a pilot-scale continuous-flow washer with multiple 
ultrasonic frequencies (25, 40, and 75 kHz) and a nearly uniform ultrasonic field was 
designed and assembled (Feng et al., 2009).  The remaining question is if the newly 
designed ultrasonic washer when operating at continuous mode can effectively disinfect 
fresh produce.   
     There is the need to examine the washing efficacy of this new system. Therefore, this 
study was designed to test the efficacy of this pilot-scale ultrasonic washer on the 
microbial quality of selected minimally processed vegetables.  
6.2. Materials and Methods  
6.2.1. Design and assembly of the continuous-flow ultrasonic washing system 
In the study, a continuous-flow system was developed, where an aqueous 
suspension of produce was flowed through at a constant or variable flow rate. This sytem 
provided high-intensity ultrasound that kills or removes bacteria and other 
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microorganisms while maintaining acceptable levels of produce quality in a high-
throughput, pilot-scale flume.   
In the continuous flow ultrasonic washer, three frequencies (25, 40, and 75 kHz) 
were adopted. A unique agitation mechanism using water jets was also built into the 
washer to provide mixing of produce in the tank. The working efficacies of different 
frequencies of ultrasound transducer blocks were evaluated through acoustic power 
applied to a liquid system as its volumetric density (W/L). The calorimetric method as 
described by Baumann et al. (2005) was used: 
dt
dTMCWPower P)(  
where ( dtdT / ) the change in temperature over time (K/s), PC  is the specific heat of the 
substance (J/(kg K)), and M is the mass (in kilograms). Sonication was applied to 85.5 
liters of tap water for 2 min, with temperature measurements taken every 1 s. The specific 
heat of water (4,187 J/kg K) was used for the power calculation. 
6.2.2. Disinfection of baby spinach in the continuous flow ultrasonic washing system  
    A study was undertaken to test the efficacy of the pilot-scale ultrasonic washer on the 
microbial quality of minimally processed spinach. For chlorine and ultrasound combined 
treatments, the chlorine concentration was 50 mg/L.  Spinach samples (unwashed) were 
supplied by a company in California. Whole spinach leaves were placed in the pilot scale 
washer with the ultrasonic channel installed for sonication treatments. The residence time 
of each leaf flowing through the washer was recorded. The microorganism used was E. 
coli 87-23, a non-pathogenic strain of E. coli O157:H7. The cells were spot-inoculated on 
spinach leaves. The survival counts of E. coli after a treatment was analyzed by TSA 
enriched with 50 mg/L nalidixic acid while that for natural microflora was monitored 
with 3M Petri films.   
6.2.2.1. Inoculum preparation 
     The E. coli O157:H7, strain 87-23 (non-pathogenic), was transferred 3 times to tryptic 
soy broth (pH 7.3) by loop inoculation at successive 24-h intervals and incubated at 37°C. 
Bacterial cells were harvested, after 24 h of growth, by centrifugation (6000 × g) at 4°C 
for 10 min. The cell pellets from 200 mL culture were washed twice in peptone water 
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(0.85% NaCl, 0.1% Bacto Peptone), and resuspended in 2000 mL of peptone water. The 
final concentration of E. coli O157:H7 in the inoculum was determined by plating serial 
dilutions on TSA containing 50µg/mL nalidixic acid and incubating at 37°C for 24 h, and 
approximately 108 CFU/mL.  
6.2.2.2. Inoculation of spinach leaves 
     Baby spinach leaves, which were obtained from a local wholesale market, kept at 4 °C 
and used within 3 d. Leaves were spot-inoculated on the upper surfaces with 100 μL per 
leaf of the inoculum and air-dried for 60 min in a laminar flow biological hood 
(Labconco Purifier PCR Enclosure, Kansas City, Mich., U.S.A.) before treatments. 
6.2.2.3. Treatment procedure 
Single-leaf wash of spinach     Individual whole spinach leaves were placed, one by one, 
in the pilot scale washer. The residence time of each leave through the washer was in the 
range from 40 to 80 seconds, which was measured with a stop watch. The survival counts 
of E. coli 87-23 and the natural microflora after a treatment were numerated following 
the method mentioned above.   
Batch-leaf wash of spinach     Using the same unit, one pound of spinach leaves was 
placed in a pilot scale washer. The residence time of each leave through the washer was 
in the range from 30 to 90 seconds. The survival counts of E. coli 87-23 and the natural 
microflora after a treatment were numerated following the method mentioned above.   
6.2.2.4. Microbial analysis 
     Twenty-five grams of treated spinach leaves were macerated in 225 mL 0.1% (w/v) 
sterile peptone water for 2 min with a stomacher blender (Lab-Blender 400, Cooke 
Laboratory Products, Alexandria, VA). The homogenate was filtered through sterile 
glasswool, serially diluted in peptone water, plated (100 L in triplicate) on trypticase 
soy agar (TSA, Difco Laboratories) containing 50 mg/L nalidixic acid, and incubated at 
37°C for 24 h before enumeration. 
6.2.3. Disinfection of tomato in the continuous flow ultrasonic washing system  
6.2.3.1. Treatment procedure  
     Roma tomato samples (unwashed) were supplied by a company in California. Five 
pounds of roma tomatoes were placed in the continuous-flow wash system containing the 
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chlorine concentration was 50 mg/L. The residence time of each leave flowing through 
the washer was between 40 and 80 seconds. Aerobic plate counts and yeasts and molds 
counts were monitored with 3M Petri films.   
6.2.3.2. Microbial analysis 
     One treated tomato fruit wwas put into a stomacher bag containing 20ml of 0.1% 
peptone water, and the tomato skin was scrubbed for 1 min. The homogenate was serially 
diluted in peptone water, plated (100 µL in triplicate) on trypticase soy agar (TSA) 
containing 50 µg/mL nalidixic acid, and incubated at 37°C for 24 h before enumeration, 
while that for natural microflora was monitored with 3M Petri films.  
6.2.4. Disinfection of baby carrots in the continuous flow ultrasonic washing system  
6.2.4.1. Inoculation of baby carrot 
     Inoculum was prepared as described in 6.2.2.1. Pre-washed and peeled baby carrots 
were supplied from a company in CA, kept at 4°C, and used within 3 days. 1000 grams 
of baby carrots were inoculated by dipping into a beaker containing 2000 mL of the 
inoculum at a shaker with 60 rpm for 20 min and air-dried for 20 min in a laminar flow 
biological hood before treatments. 
6.2.4.2. Treatment procedure 
     One hundred grams of inoculated or un-inoculated baby carrots were placed in the 
ultrasonic channel (25 kHz) in a pilot scale washer containing 50 mg/L chlorine prepared 
from CLOROX®, and treated for 1 min and 3 min with and without ultrasonication. Two 
transducer blocks at 25 kHz were separately embedded into each of two parallel walls, 
facing each other and 304.8 mm apart, which formed a channel in a flume through which 
baby carrots were treated.  The baby carrot samples were place in a nylon bag, and 
treated with manual agitation. The survival counts of E. coli after a treatment was 
analyzed by TSA enriched with 50 mg/L nalidixic acid.    
6.2.4.3. Microbiological analysis 
Twenty five grams of baby carrots were macerated in 75 mL 0.1% (w/v) sterile peptone 
water at 230 rpm for 2 min with a stomacher blender. The homogenate was filtered 
through sterile glass-wool, serially diluted in peptone water, plated (100 µL in triplicate) 
on trypticase soy agar (TSA) containing 50 µg/mL nalidixic acid, and incubated at 37°C 
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for 24 h before enumeration, while that for natural microflora was monitored with 3M 
Petri films.  
6.3. Results and Discussions  
6.3.1. Effect of operational conditions on ultrasound field  
6.3.1.1. Acoustic power density 
     A continuous flow ultrasonic washer was designed and set up based on the studies 
reported in Chapter 5 (Figure 6.1). This pilot scale washing system is composed of a 
ultrasonic channel containing three pairs of transducer blocks with different frequencies 
(25, 40, and 75 kHz), and a water jet system for transporting produce in longitudinal 
direction of the tank, as well as for providing a mixing of the product to be washed in the 
washer. The transducer blocks were embedded into two walls that formed a channel 
allowing produce samples to pass through. There were three ultrasound emitting 
transducer blocks of different frequency on each channel wall. The distance between the 
two walls was 304.8 mm. The water jets were placed at the entrance and also on each of 
two side-walls.   The mean linear velocity of the water in the channel was 9 m/min 
(estimated).  
Flumes     The washer body is a flume which has a triangle bottom (Fig. 6-2) and two 
vertical side-walls (Fig. 6-2 B).  Spinach leaves is run through the flume. Vertical 
ultrasonic channel walls (Fig. 6-2 C) are inserted longitudinally into the flume, with the 
space between adjacent walls forming a channel through which the aqueous suspension 
of produce passes. Transducers (Fig.6-3 A, B, C) can be present within the vertical 
channel walls. A flume has an inlet (Fig.6-3 D) and outlet (Fig.6-3 E). Produce, such as 
leafy greens in water, enters through the inlet and exits through the outlet.  The flume can 
be extended along a somewhat downwardly, generally horizontal direction, although 
other configurations are acceptable.  The flume can be attached or coupled at the inlet or 
outlet to, e.g., a dip tank, a shaker, sprayers, a conveyor, an air knife, or other food 
processing equipment such that it forms a part of a food processing equipment system.  
Wash water or liquid can be collected and reused, or re-circulated in the treatment 
process. The flow rate of water and produce through the flume can be between about 50 
and 800 gallons or more per minute.  The temperature of the produce and water or liquid 
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suspension can be between about 2 and about 30 degrees Celsius.  Also, the flume and 
each of the components thereof comprise a suitable material that maintains proper 
sanitary properties and is sufficiently strong and durable, such as metal alloys (e.g., 
stainless steel) or suitable polymers, such as polyvinyl chloride. In commercial produce 
industries, vegetable and produce including cut leafy produce is traditionally washed and 
sanitized in a continuous-flow process in large stainless steel flumes.  The data collected 
in the pilot system developed in this study will provide important information for large 
scale industrial operations.  
Ultrasonic Transducer Blocks     In this research, all three transducer blocks are driven 
at different central frequencies, e.g., 25, 40, and 75 kHz, and used in conjunction with the 
continuous-flow apparatus.  The ultrasonic transducer blocks are placed on channel walls 
(Fig.6-3) to provide proper propagation of the ultrasonic waves from the ultrasonic 
transducer blocks through the water or liquid present in the flume. 
     The intensity, frequency, location, and number of ultrasonic transducer blocks are 
matched to the dimensions of the flume.  Attached to the interior of channel walls, each 
member of a pair of transducer blocks can be substantially opposing the other at the same 
position on each side wall (e.g., at the same distance from the flume inlet and at the same 
height on each side wall). Alternatively, pairs of transducer blocks can be present at 
staggered positions on each side wall, which is not tested in the work reported in this 
study.  With the transducer blocks arrangement specified above, the power density in the 
flume can be between about 10 and about 400 or more W/L.  
Equalizing Exposure to Ultrasound     Without adequate transverse mixing in planes 
perpendicular to the overall flow direction, some produce leaves or other produce 
elements will pass through the channel spending nearly their entire residence time very 
close to the channel sidewalls, where the ultrasonic intensity is highest and the mean flow 
speed is lowest.  At ultrasound levels required to achieve adequate bacterial (or other 
microorganisms) kill on produce leaves or other produce elements that pass through the 
channel far from the channel or flume walls (near its vertical mid plane), where the mean 
flow speed is higher, and residence time is shorter, this will lead to an uneven exposure of 
produce to ultrasound and will negatively impact the microbial deduction.   
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     In this study, each produce leaf in the continuous-flow apparatus has nearly equal 
exposure to ultrasound, that is, each produce leaf is exposed to ultrasound for 
approximately the same amount of time.  Appropriate choice of channel or flume width, 
and transducer placement in the flume or channel, coupled with transverse mixing of 
suspension of water or liquid the channel or flume would theoretically achieve nearly 
equal exposure of each piece of produce to the ultrasound.  The use of pressurized water 
jets along the flume provided transverse mixing of liquid in the channel or flume.   In this 
research, the produce in the continuous-flow apparatus is subjected to ultrasound 
treatment for about a period between 15 seconds and 1 minute.    
6.3.1.2. Acoustic power density 
     After evaluation (Table 6.1), the two 25-kHz transducer boxes emitted 95% of the 
rating power, or 79.41 W/L. The two 40-kHz transducer boxes only produced 85% of the 
rating power, or 68.95 W/L. The two 75-kHz transducer boxes had only 45%, or 42.36 
W/L, of the rating power delivered into the wash water. If the power output of the 
ultrasound transducer boxes was fully utilized, an increased washing efficacy may be 
achieved.  
6.3.2. Ultrasound-Assisted Spinach Washing with a Pilot-Scale Continuous-Flow 
Washer  
6.3.2.1. Washing of individual spinach leaves in continuous-flow flume 
     Experiments were conducted using individual spinach leaves to evaluate the efficacy 
of continuous flow ultrasonic washing system on removal of E. coli 87-23 inoculated on 
spinach leaves (Figure 6.4).  The results showed that the application of ultrasound 
significantly (p < 0.05) increased E. coli 87-23 count reduction by 1.02 log cycles over 
the chlorine only treatment, and 2.81 log cycles over the water only treatment. The 
acoustic power density of this ultrasound system was 61 W/L. Therefore, this new 
washing system with ultrasound unit installed was effective in inactivation of E. coli cells 
in an individual spinach leaf wash. 
     The same experiments were conducted to evaluate the efficacy of ultrasound in 
improving the reduction of indigenous microorganisms on spinach when washed with 
chlorinated water. The results showed that the application of ultrasound to a sanitizer 
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wash treatment through single-leaf wash significantly (p < 0.05) increased aerobic plate 
count reduction by 0.57 log cycles (Figure 6.5) and yeast and molds by 0.50 log cycles 
(Figure 6.6) over the chlorine only treatment.   
6.3.2.2. The disinfection efficacy of a continuous flow ultrasonic system through 
batch-leaf wash  
     Experiments were conducted to evaluate the efficacy of ultrasound in improving the 
efficacy in reduction of E. coli 87-23 population from spinach (Figure 6.7). The results 
showed that the application of ultrasound to a sanitizer wash treatment significantly (p < 
0.05) increased E. coli 87-23 count reduction by 0.53 log cycles over the chlorine only 
treatment, but was less effective than single-leaf wash. It can be seen that there is a need 
to optimize the new ultrasonic washing system to approach the inactivation results 
obtained in the single-leaf wash.  
    As can be seen in Figure 6.4 to 6.9 and Table 6.2, spinach leaves passing through the 
washer when the ultrasound was applied experienced a greater reduction in microbial 
count than those washing tests without ultrasound. The increase was statistically 
significant in five of six cases, with the exception being the yeast and mold count for 
simultaneous washing of multiple spinach leaves. Even in this case, the additional 
microbial reduction was 39.4%. The ultrasonic enhancement of microbial reduction was 
greater for the single leaf wash than in the multi-leaf experiments for each microbial test.  
For E. coli 87-23, the survival count with ultrasound and chlorine was one log below that 
for chlorine alone in the single-leaf test.  However, even for multi-leaf experiments, 
ultrasound reduced the E. coli 87-23 survival count by 72.8% (or 0.53 log) beyond what 
was achieved in the chlorine alone wash. 
6.3.3. Disinfection efficacy of a continuous flow ultrasonic system for tomato 
     Experiments were conducted to evaluate the efficacy of ultrasound in improving the 
reduction of indigenous microorganisms on tomatoes when washed in combination with 
chlorinated water. The results showed that the application of ultrasound to a sanitizer 
wash significantly (p < 0.05) increased aerobic plate count reduction by 0.75 log cycles 
(Figure 6.10), while there was only a margin enhancement in the reduction of yeast and 
molds by 0.08 log cycles (Figure 6.11) over the chlorine only treatment.   
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6.3.4. Disinfection efficacy of a continuous flow ultrasonic system for baby carrots 
     Experiments were conducted to evaluate the efficacy of continuous flow ultrasonic 
washing system on removal of E. coli 87-23 inoculated on baby carrot. The results 
(Figure 6.12) indicated that the ultrasonication enhanced the removal of E. coli O157:H7 
from baby carrot by 1.24 log cycle and 0.65 log cycle when treated for 1 min and 3 min, 
respectively. The extension of the treatment time failed to result in an increase in the 
reduction of E. coli population in the ultrasound treatment for unknown reasons. More 
studies are needed to understand this abnormity.  
     Experiments were conducted to evaluate the efficacy of ultrasound in improving the 
reduction of indigenous microorganisms on baby carrots when washed with in 
combination chlorinated water. The results showed that no significant was achieved for 
aerobic plate count reduction (Figure 6.13) after the ultrasound-assisted wash, while a 
significant increase in yeast and molds count by 0.50 log cycles (Figure 6.14) over the 
chlorine only treatment was observed. 
6.4. Conclusions 
     Ultrasound enhanced the reduction of E. coli inoculated on spinach by 0.53 log cycle 
for batch-leaf washes. Additionally, batch-leaf washes with chlorinated water enhanced 
the reduction of aerobic plate count by 0.50 log cycle over a chlorine-only wash. No 
significant effect of ultrasound was observed for yeast and mold reduction. The 
ultrasonication also enhanced the removal of E. coli O157:H7 from baby carrot by 1.24 
log cycle and 0.65 log cycle when treated for 1 min and 3 min, respectively. Batch wash 
with ultrasound significantly (p < 0.05) increased aerobic plate count reduction by 0.75 
log cycles over a sanitizer wash treatment, while there was only margin enhancement in 
yeast and molds by 0.08 log cycle.   
     The new ultrasound-assisted wash system significantly reduced pathogenic microbial 
counts on spinach surfaces in continuous-flow operation. It may provide a promising tool 
for enhancing the microbial safety of fresh produce.  
6.5. References 
Ajlouni S, Sibrani H, Premier R, Tomkins B. 2006. Ultrasonication and fresh produce 
(Cos lettuce) preservation. J. Food Sci. 71: M62-M68. 
133 
 
Baumann A, Martin SE, Feng H. 2005. Power ultrasound treatment of Listeria 
monocytogenes in apple cider. J. Food Prot. 68: 2333-2340. 
Feng H, Pearlstein A, Zhou B. Continuous-Flow Bacterial Disinfection of Fresh Cut 
Produce and Leafy Greens Using High-Intensity Ultrasound. US patent application 
61/245,382. September 24, 2009. 
Feng H, Yang W. 2010. Ultrasonic process. In Handbook on Nonthermal Processing 
Technologies, (eds.) Daniel FF, Balasubramaniam VM, and Zhang H, John Wiley 
& Sons, Ames, IA. (in press) 
Huang T, Xu C, Walker K, West P, Zhang S, Weese J. 2006. Decontamination efficacy 
of combined chlorine dioxide with ultrasonication on apples and lettuce. J. Food Sci. 
71: M134-M139. 
Nilson RH, Griffiths SK. 2002. Enhanced transport by acoustic streaming in deep trench-
like cavities. J. Electrochem. Soc. 149: G286-G296 
Riesz P, Kondo T. 1992. Free radical formation induced by ultrasound and its biological 
implications. Free Radic Biol. Med. 13: 247-270 
Scouten AJ, Beuchat LR. 2002. Combined effects of chemical, heat and ultrasound 
treatments to kill Salmonella and Escherichia coli O157:H7 on alfalfa seeds. J. Appl. 
Microbiol. 92: 668-74. 
Seymour IJ, Burfoot D, Smith RL, Cox LA, Lockwood A. 2002. Ultrasound 
decontamination of minimally processed fruits and vegetables. Int. J. Food Sci. 
Technol. 37: 547-57. 
Zhou B, Feng H, Luo Y. 2009. Ultrasound enhanced sanitizer efficacy in reduction of 
Escherichia coli O157:H7 population on spinach leaves. J. Food Sci. 74: M308-M313 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
134 
 
6.6. Figures and Tables 
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Figure 6.1 A continuous flow ultrasonic washing system. T represents ultrasound 
transducer box: T1 = 25 kHz; T2 = 40 kHz; and T3 = 75 kHz. W represents water jet. 
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Figure 6.2 A lateral cross-section view of the flume. 
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Figure 6.3 A top view of the flume. 
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Figure 6.4 Inactivation of E. coli O157:H7 inoculated on spinach in a pilot-scale 
ultrasonic washer via an individual leaf wash. Treatment time = 40~80 sec; chlorine 
concentration = 50 mg/L. Error bar represents standard deviation. 
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Figure 6.5 Reduction of aerobic plate count on spinach leaves after a single-leaf wash in 
the pilot scale washer w/o ultrasound, with a residence time of 40~80 seconds. Chlorine 
concentration = 50 mg/L. Error bar represents standard deviation. 
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Figure 6.6 Reduction of yeast and molds on spinach leaves after a single-leaf wash in the 
pilot scale washer w/o ultrasound. Treatment time = 40~80 sec; chlorine concentration = 
50 mg/L.  Error bar represents standard deviation. 
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Figure 6.7 Inactivation of E. coli O157:H7 inoculated on spinach in the pilot-scale 
washer w/o ultrasound through a batch-leave wash. Treatment time = 30~90 sec; chlorine 
concentration = 50 mg/L.  Error bar represents standard deviation. 
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Figure 6.8 Reduction of aerobic plate count after a batch-leaf wash in the pilot scale 
washer w/o ultrasound. Treatment time = 30~90 sec; chlorine concentration = 50 mg/L. 
Error bar represents standard deviation. 
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Figure 6.9 Reduction of yeast and molds after a batch-leaf wash in the pilot scale washer 
with and without ultrasound. Treatment time = 30~90 sec; chlorine concentration = 50 
mg/L.  Error bar represents standard deviation. 
139 
 
3.30
2.55
1.44
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
Water Chlorine Ultrasound/Chlorine
Treatments
M
ea
n 
lo
g 
re
du
ct
io
n 
of
 c
fu
/to
m
at
o 
fr
ui
t
a
b
cLSD=0.567, =0.05LSD = 0.567, Alpha = 0.05
M
ea
n 
lo
g 
re
du
ct
io
n 
of
 c
fu
/to
m
at
o 
fr
ui
t
 
Figure 6.10 Reduction of aerobic plate count on tomatoes in the pilot scale washer with 
and without ultrasound treatment. Treatment time = 40~80 sec; chlorine concentration = 
50 mg/L.  Error bar represents standard deviation. 
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Figure 6.11 Reduction of yeast and molds after washing in the pilot scale washer with 
and without ultrasound. Treatment time = 40~80 sec; chlorine concentration = 50 mg/L. 
Error bar represents standard deviation. 
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Figure 6.12 Reduction of E. coli O157:H7 inoculated on baby carrot. Treatment time = 
40~80 sec; chlorine concentration = 50 mg/L.  Error bar represents standard deviation. 
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Figure 6.13 Reduction of aerobic plate counts inoculated on baby carrot. Treatment time 
= 40~80 sec; chlorine concentration = 50 mg/L.  Error bar represents standard deviation. 
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Figure 6.14 Reduction of yeasts and molds on baby carrot. Treatment time = 40~80 sec; 
chlorine concentration = 50 mg/L.  Error bar represents standard deviation. 
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Table 6.1 Acoustic power density in the ultrasonic washing channel. 
Ultrasound Frequency 
(kHz) 
Power percentage 
(%) 
Acoustic Power Density 
(W/L) 
25 95 79.41 
40 85 68.95 
75 45 42.36 
 
 
 
Table 6.2 Summary of microbial count reduction. 
 
Single-Leaf Washing Ensemble Washing 
APC1 Yeast/mold E. coli APC Yeast/mold E. coli 
Chlorine 1.70 1.27 3.13 1.37 1.15 2.82 
Chlorine and 
Ultrasound 
2.27 1.77 4.15 .89 .30 3.35 
Additional 
reduction2 (log) 
0.57 0.50 1.02 0.52 0.15 0.53 
Additional 
reduction (%) 
77.3 65.4 91.8 71.2 39.4 72.8 
1  APC: Aerobic Plate Count.  
2  Underscore indicates that the additional reduction is statistically significant ( = 0.05).  
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CHAPTER 7 
EFFECT OF SURFACE CHARACTERISTICS ON RETENTION AND 
REMOVAL OF ESCHERICHIA COLI O157:H7 ON SURFACES OF SELECTED 
VEGETABLES 
 
ABSTRACT 
 
          The topography and the spatial heterogeneity in physicochemical conditions of 
produce surfaces may impact the attachment of microbial cells onto produce surface and 
affect disinfection efficacy. In this study, methods will be developed and tested to 
quantify produce surface roughness and hydrophobicity. In addition, the effects of 
produce surface characteristics on the removal of bacteria will be studied.   
     The results showed that E. coli O157:H7 inoculated on the under-surface of spinach 
leaves (rough side) was more resistant to the combined treatment of ASC and 
ultrasonication. The SEM images and optical profiler of the spinach leaf revealed that the 
undulations were the less in number but deeper in the upper side than in the lower side. 
The freeze drying sample preparation worked well for produce surface roughness 
measurement by CLSM. There were no significant differences in surface roughness 
between selected vegetables. There was no significant difference in surface 
hydrophobicity between the inner surface and outer surface of spinach leaves.  The 
results also indicated that ultrasound treatment for 1 min did not significantly changed the 
surface hydrophobicity of spinach compared with sanitizer solution or water only wash 
except for the outer surface of leaves treated by water. The MicroXCT images provided a 
clear view of the internal structure of a produce sample.  It can also be used to provide an 
insight into the potential infiltration pathways of human pathogen in fresh or fresh-cut 
produce. 
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7.1. Introduction 
     In antimicrobial treatment of fresh produce, or in any industrial and medical sanitation 
operations, a puzzling issue for the industry and academia has been the significant 
difference in killing efficacy of a sanitizer when applied to planktonic bacterial cells 
compared to cells adhering to a surface.  Generally, enteropathogenic organisms 
contaminate the surface of produce mostly via water or soil, which is affected largely by 
surface composition, charge, hydrophobicity, and surface free energy of plant. Different 
bacteria have exhibited preferential attachment to different surfaces (cut edge and 
stomata versus intact tissue) or plants (Seo and Frank, 1999; Barak and Liang, 2008). 
There exist natural openings (e.g., stomata, hydathodes, nectathods, lenticels, stem scars, 
calyx) and cracks or crevices on produce surfaces (Beuchat, 2002; Takeuchi and Frank, 
2000). These distinct and localized spots on the plant surface are potential areas for the 
attachment of human pathogens, and also suitable microsites for enteric pathogens to 
grow or survive (Jaeger et al., 1999).  Biofilm can also form on these surfaces (Warriner 
et al., 2003; Lapidot et al., 2006), which is a hydrated matrix of microbially produced 
proteins and polysaccharides trapping microbial cells and providing a naturally-occurring 
shelter for them. These characteristic microstructures are hurdles preventing disinfectants 
from reaching and penetrating into produce surface microstructures, and contacting with 
microbial cells hiding within.    
     The surface topography of fruits and vegetables is quite complex. There are multiple 
scales of topography that contribute to the overall topography, as pointed out by Wang et 
al. (2009). At a stereoscopic microscope scale, the topography is dictated by huge 
undulations on the surface that involve tens or hundreds of cells. At a more local scale, 
topography is represented by the shape and curvature of the anticlinal walls of individual 
epidermal cells. Both scales may impact the ability of a water drop to arrive in the entire 
region of the surface (assuming bacterial arrival in an aqueous state). At an even smaller 
scale, the microstructure of produce surface is at the micrometer level, which is critical 
for microbial attachment and detachment, and can be observed with a scanning electron 
microscope (SEM) (Bolin et al., 1991; Fett et al., 2003; Morris et al., 1997; Tatsumi et al., 
1991). The rugged topography of produce surface and the spatial heterogeneity in 
physicochemical conditions may also facilitate the attachment of microbial cells on 
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produce surfaces (Brandl, 2006). Produce surface roughness has been also found to 
correlate to cell attachment and detachment (Faille et al., 2002; Wang et al. 2009). A 
rougher surface recorded higher number of attached cells (Faille et al., 2002). In a study 
using surfaces with different roughness values, Wang et al. (2009) reported an increase in 
residual population of E. coli O157:H7 from 0.7 log to 2.3 log when the surface 
roughness was increased from 0.3 to 8.4 µm. The removal of E. coli cells was also 
significantly affected by surface roughness. In the same study, Wang et al. (2009) 
examined fruits with different surface roughness values and found that fruit with a 
rougher surface, such as cantaloupe, retained more E. coli cells than that on apples after a 
5-min wash with sanitizers.  
     The surface topological characteristics of fresh produce can be described 
quantitatively with roughness parameters such as average roughness (Ra) (Verran and 
Boyd, 2001; Verran et al., 2001). Techniques for surface roughness measurement can be 
classified into contact and non-contact methods (Wang et al., 2009). Equipments 
adopting contact mode measurement methods include surface profilometer and atomic 
force microscopy (AFM). Surface profile is extracted with an AFM when the probe tip 
runs across the material surface. Since fresh fruits and vegetables have soft, fragile and 
deformable surfaces, the accurate topographical information is difficult to acquire with a 
contact method. Therefore, non-invasive techniques without contact are preferred. 
Among the non-contact methods which are normally rapid, accurate, and reliable 
(Bennett, 1992; Thomas, 1999), the optical interferometry (Cao et al., 1991), confocal 
laser microscopy (Pedres chi et al., 2000; Wang et al., 2009), light microscopy (Russ, 
1986), and atomic force microscopy (Hershko et al., 1998) have been used. The 
glistening point method (Quevedo and Aguilera, 2004) and the fractal image texture 
analysis (Pedreschi et al., 2000; Quevedo et al., 2002) as non-contact optical methods 
have also been studied to quantitatively describe surface roughness of foods. In a recent 
study, a new method using confocal laser scanning microscopy (CLSM) has been 
developed for noninvasive evaluation of surface roughness of fresh fruits (Wang et al., 
2009). The CLSM acquired a series of 2-D surface images of produce surface through 
optical slicing and stacked them through a Matlab program to generate a 3-D profile from 
which the surface parameters were obtained. To obtain the surface roughness of leafy 
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green produce and other vegetables with the CLSM is a challenging task as the produce 
shrinks and deforms, changing its dimension due to dehydration during a CLSM 
measurement.  In order to retain the morphology of produce during CLSM, a better 
sample preparation method is needed. Potential methods may include critical point drying 
(CPD), liquid substitution (LS), and freeze-drying. These preparation methods can be 
used to stabilize the specimen, prevent artifacts from dehydration, and render the sample 
electrically conductive. CPD is an established method of dehydrating biological tissue 
usually prior to examination with the scanning electron microscope (SEM). The 
technique was first introduced commercially for SEM specimen preparation by Polaron 
in 1970. The critical point phenomena can be utilized as a drying technique as it achieves 
a phase change from liquid to dry gas without the effects of surface tension and is 
therefore suitable for delicate biological specimens. LS is also a good alternative to 
traditional preparation methods. In this method, the specimens are not dried, but their 
water is instead substituted with a liquid (glycerol or triethylene glycol) which evaporates 
very slowly under high vacuum.  
     In addition, the surface hydrophobicity is also one of most important produce surface 
parameters strongly influencing the movement, allocation and distribution of the water-
bacterial suspension (Wang, 2005). Most produce surfaces exhibit certain degree of 
hydrophobicity, mainly because of the epicuticular wax (Koch et al., 2007). The 
hydrophobic nature of the produce surface reduces the likelihood of water access to 
produce. The epidermis of produce is coved with a multilayered cuticle (1-15 µm), which 
is protective, hydrophobic, and waxy-covering produced by the epidermal cells of leaves, 
young shoots and all other aerial plant organs (Burnett et al., 2001). The cuticle is 
responsible for the high water-repellent nature of produce surface, and provides the 
natural barrier against insect and microbial invasion, physical damage, and dehydration. 
This structure also functions as permeability barriers for water and water-soluble 
materials, and restrains the approach of sanitizer solution to microbial cells attached on 
the produce surfaces.  Contact angle between a water droplet and a surface is used to 
describe hydrophilic or hydrophobic properties of a surface (wettability) (Jung and 
Bhushan, 2006). Contact angle is a measure of static hydrophobicity, and can be assessed 
directly by measuring the angle formed between the solid and the tangent to the drop 
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surface. The extent of a drop of water spreading on the surface is determined by the 
hydrophobicity of a surface, and the highly hydrophobic surfaces supports the greater 
contact angles of water drops, or being more upright. A surface with the contact angle 
less than 90° is hydrophilic, whereas the hydrophobic surface has the contact angle 
greater than 90°. Many research indicated that the contact angle correlated with several 
surface parameters, such as surface energy, roughness, the manner of surface preparation, 
and surface cleanliness (Adamson, 1997; Israelachvili, 1992; Bhushan, 1999, 2002, 2005).  
     The invasion of human pathogen into a plant tissue has received significant attention. 
Once internalized, the removal and inactivation of the pathogen without compromising 
the produce quality becomes almost impossible (Warriner et al., 2009). Recent studies 
have confirmed that human pathogens can enter stomata and cut edges of fresh produce 
(Seo and Frank, 1999; Takeuchi et al., 2000).  Wounds and bruises on produce also 
enable human pathogens to enter inner plant tissues (Ryser et al., 2009). Internalized 
pathogens may migrate through the plant vascular system and spread the contaminant 
(Holden et al., 2008). Salmonella enterica and E. coli O157:H7 were found to move long 
distances through an arabidopsis vascular system, resulting in whole plant contamination 
in the absence of microbial competitors (Cooley et al., 2003). Bacteria that are 
fluorescently or bioluminescently labeled are used to examine bacterial internalization. A 
common method for quantifying invasion is to sterilize the external surfaces of plant 
tissue and count those internalized and hence protected from sterilizing agent. Non-
microbial methods, such as aqueous dye solutions and florescent microbeads have also 
been employed as indicators of bacterial infiltration into produce (Buchanan et al., 1999; 
Niemira, 2007).  Nevertheless, the mechanisms by which enteric pathogens invade plant 
tissues are largely unclear. In most of above research about microbial internalization, 
laser confocal scanning microscope is the major optical tool, which needs the sample 
preparation procedure so that sample slice is thin enough to scan. This cutting step in 
sample preparation process may interrupt and destroy the infiltration pathway, or result in 
cross-contamination of microbial cells. MicroCT is a X-ray–based technique for imaging 
3D structures, and has been already widely applied for quantification of the 3D 
microarchitecture of different scaffolds made from ceramics, polymers, and glasses (Ho 
et al., 2005; Jones et al., 2005; Mastrogiacomo, 2004; Shao, 2005; Williams, 2005) and 
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mineralized tissues (Vasquez et al., 2008).  The use of MicroCT in living plant internal 
structure detection has not been reported. The nondestructive X-ray computed 
microtomography (MicroCT) technique may provide a new tool for investigating the 
internal structure of a plant and hence help to better understand the infiltration and 
internalization of human pathogen cells into plant tissue.  
     In this study, produce surface characteristics were examined and quantified, and the 
potential infiltration pathways were imaged. Also, the effects of surface characteristics on 
the microbial attachment and detachment were studied.   
7.2. Materials and Methods  
7.2.1. Effect of different surfaces of spinach leaves on the removal of E. coli 
O157:H7 from  
7.2.1.1. Removal of microbes from different surfaces of spinach 
Inoculum preparation     In this study, a nalidixic acid-resistant derivative of E. coli 
O157:H7, strain 87-23 (nonpathogenic) was used, which was obtained from the 
Environmental Microbiology and Food Safety Laboratory of USDA-ARS (the former 
Produce Quality and Safety Laboratory, Beltsville, MD). The cells in tryptic soy agar 
(TSA) slant were transferred 3 times to tryptic soy broth (pH 7.3, Difco Laboratories, 
Detroit, Mich., U.S.A.) by loop inoculation at successive 24-h intervals followed by 
incubation at 37°C. Bacterial cells were harvested, after 24 h of growth, by centrifugation 
(6000 × g) at 4°C for 10 min. The cell pellets were washed twice in peptone water 
(0.85% NaCl, 0.1% Bacto Peptone), and resuspended in 10 mL of peptone water. The 
final concentration of E. coli O157:H7 in the inoculum was determined by plating serial 
dilutions on TSA containing 50 mg/L nalidixic acid and incubating at 37°C for 24 h, was 
approximately 109 CFU/mL. 
Inoculation of spinach leaves      Fresh spinach leaves were spot-inoculated on either the 
upper side or the lower side of each leaf with 100 μL of inoculum per leaf, and air-dried 
for 120 min in a laminar flow biological hood (Labconco Purifier PCR Enclosure, Kansas 
City, Mich., U.S.A.) before application of a sanitizing treatment.  
Treatment     The inoculated samples were treated with 200 mg/L ASC and 21.2 kHz 
ultrasonication (APD: 0, 200, and 400 W/L).  
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Microbial analysis     Twenty-five grams of spinach leaves were macerated in 225 mL 
0.1% (w/v) sterile peptone water for 2 min with a stomacher blender (Lab-Blender 400, 
Cooke Laboratory Products, Alexandria, VA, U.S.A.). The homogenate was filtered 
through sterile glasswool, serially diluted in peptone water, plated (100 μL in triplicate) 
on trypticase soy agar (TSA, Difco Laboratories) containing 50 μg/mL of nalidixic acid, 
and incubated at 37 ◦C for 24 h before enumeration. 
7.2.1.2. Imaging of spinach leaf surface 
Environmental scanning electron microscope (ESEM)     Fresh spinach leaf disks (11 
mm in diameter) were taken from spinach leaves using a cork borer. The microstructure 
of spinach surface was imaged by Environmental Scanning Electron Microscopy (ESEM). 
Both lower and upper surfaces were scanned. The sample disks were fixed in 2.5 % (v/v) 
glutaraldehyde (E.M. grade) in 0.1 M Na•Cacodylate buffer (pH 7.2) for 4 h at 
refrigerator temperature and rinsed 3 times with 0.1 M Na•Cacodylate buffer every 10 
min. The samples were postifixed in 1% (v/v) osmium tetroxide (OSO4) solution for 90 
min at room temperature in a bio-safety hood in the dark and rinsed with 0.1 M 
Na•Cacodylate buffer every 10 min. Then the samples were dehydrated in a graded series 
of ethanol solutions (50, 70, 95, and 100%) and dried in a CO2 Critical-Point drier 
(Samdri-DVT-3D, Tousimis Research Corp., Rockville, MD, U.S.A.). The dry samples 
were mounted on aluminum stubs coated with a thin layer of gold-palladium by a Dest II 
TSC sputter coater and examined by environmental scanning electro microscopy (ESEM, 
Philips XL30 ESEM-FEG, FEI Co., Hillsboro, OR., U.S.A.) operated at an accelerating 
voltage of 5.0 kV. 
Non-contact optical profiler     Fresh spinach leaf disks (11 mm in diameter) were taken 
from spinach leaves using a cork borer, and mapped by the 3D Optical Surface Profiler 
(Zygo® NewView™ 7000 Series, Middlefield, CT).  The scan size was fixed by the 
magnification of the optical system. The magnification of the objective lens used in the 
measurement is × 50 and the scan size was 280 m × 210 m and camera resolution was 
0.442 m. 
7.2.2. The topography of selected vegetables  
7.2.2.1. Surface roughness determination for green leafy produce  
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Validation of the surface roughness measurement method with CLSM     A set of 
metal (Nickel) with a nominal surface roughness (Ra) of 0.80 μm to 6.30 μm was 
provided by Rubert Co. LTD (Cheadle, U.K.) and chosen as standard specimens in the 
test. The 3-D topography of the metal surface was acquired with the newly developed 
CLSM method described previously (Wang et al., 2009) and the Ra value of the 
specimen was calculated. During the CLSM measurement, the separation distance 
between 2 planes was set at 0.05 μm, and the observation depth was 6.4 μm. In total, 128 
adjacent planes (2-D images) were acquired and used to reconstruct the 3-D image of the 
metal surface. The Ra value of the specimen was also measured with a Sloan Dektak 3 
ST stylus surface profilometer (Sloan Tech. Corp., Goleta, Calif., U.S.A.). The scan 
length, scan speed, and stylus force of surface profilometer were set at 5 μm, low, and 15 
mg, respectively. The Ra value was estimated by a computer connected to the surface 
profilometer. The measurement was repeated 6 times for each specimen.  
Determination of sample preparation methods     Samples of leafy green vegetables 
were prepared before a CLSM scanning. For the freeze-driing method, the 11 mm11 
mm disks of spinach leaf were frozen using liquid nitrogen and dried in a VirTis freeze 
drier (Bench Top 2k system, An SP Industries Company, Gardiner, NY, USA). For the 
critical point drying method, the sample disks were fixed, dehydrated and dried through 
the critical point drying method mentioned above. The dry samples were mounted on 
aluminum stubs coated with a thin layer of gold-palladium by a Dest II TSC sputter 
coater and examined by environmental scanning electro microscopy (ESEM, Philips 
XL30 ESEM-FEG, FEI Co., Hillsboro, OR, U.S.A.) operated at an accelerating voltage 
of 5.0 kV with the high mode.  
     For liquid substitution, the specimens of spinach leaf disks were mounted onto a piece 
of fabric soaked with an ascending series of aqueous solutions of glycerol in 10% steps to 
a final concentration of 80 to 100%. They were remained in each solution for at least 1 to 
4 h. The liquid thus infiltrated the objects from below and the upper surfaces remained 
dry. Excess glycerol is first blotted from the specimen using filter paper. The treated or 
fresh specimens were subsequently mounted on SEM stubs and stored in a desiccator for 
a longer period to evaporate all remaining water and to achieve complete substitution, 
before examined by environmental scanning electro microscopy (ESEM, Philips XL30 
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ESEM-FEG, FEI Co., Hillsboro, OR, U.S.A.) operated at an accelerating voltage of 20.0 
kV with the wet mode of 4.9 Torr.  
Validation of the newly developed surface roughness determination method     
Golden Delicious apples were purchased from a local supermarket (Central Illinois 
Produce wholesale market, Urbana, IL) and stored at 4°C until use. The temperature of 
the fruits was balanced to room temperature before the fruit with skin attached were cut 
into disks (11 mm in diameter). Part of the samples was then enclosed with skin up in a 
transparent Petri disk with a piece of wet paper on the bottom. The disk was then sealed 
with a tape to prevent water loss during measurement. The rest was dried with the critical 
point drying method and affixed to glass slides by Scotch double-sided mounting tape. 
Confocal laser scanning microscopy available in the Laser and Spectroscopy Facility at 
MRL of University of Illinois was used to take a series of 2-D images (90µm × 90µm) by 
optical slicing the sample surface of these fresh-cut or freeze-dried apple samples. The 
separation between observation planes was set at 0.05 µm. Total of 128 adjacent planes 
(layers) were acquired for each of apple samples. The observation depth was 6.4 µm. 3-D 
image reconstruction was obtained by a series of 2D images containing topographic 
information of the surface. The mean roughness (Ra) is the arithmetic average of the 
absolute values of the surface height deviations measured from the mean plane. The 
roughness values from fresh-cut sample and freeze-dried sample was compared 
statistically using t-Test.  
7.2.2.2. Determination of surface roughness for selected vegetables   
     The 3-D image and surface roughness of spinach, iceberg lettuce, romaine lettuce, 
green pepper, jalapeno pepper and tomato were determined by the modified method 
developed mentioned above. Fresh vegetable leaf disks (11 mm in diameter) were 
scanned by a CLSM and the data processing and Ra determination was done followed the 
methods described above.  
7.2.3. The surface hydrophobicity of selected vegetables  
7.2.3.1. Determination of surface hydrophobicity of selected vegetables by contact-
angle (CA) measurement      
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     Sample disks (11 mm in diameter) were taken from the central area of selected 
vegetable leaves using a cork borer and affixed to glass slides by Scotch double-sided 
mounting tape to ensure an even surface. The surface hydrophobicity was measured using 
the sessile drop technique (Weirauch et al., 1993). Droplets (10 L) of distilled water 
were applied to the surface and the water contact angle was measured directly inside the 
liquid at an equilibrium position θe with a Goniometer-KSV CAM200 (KSV Instruments, 
Helsinki, Finland) in the Micro-Nano-Mechanical Systems Cleanroom at University of 
Illinois at Champaign-Urbana. Contact angles were expressed in degrees.  
7.2.3.2. Effect of surface hydrophobicity on the removal of E. coli O157:H7 from 
standard surfaces 
Selection of standard surfaces     Three types of standard surfaces were used in this test: 
glass cover, 22  22  0.15 mm (Spi supplies, Division of Structure of Probe, Inc. West 
Chester, PA); stainless steel chip, 25.4  25.4  0.15 mm; polycarbonate chip, 25.4  
25.4  0.15 mm. The surface hydrophobicity of these standard surfaces was measured 
through contact angle with a Goniometer (KSV CAM200), and surface roughness was 
measured by the Sloan Dektak 3 ST stylus surface profilometer (Sloan Tech. Corp., 
Goleta, CA, U.S.A.).  
Treatment procedures     The above three surfaces were inoculated with 20 mL (~1108 
CFU/ml) of E. coli O157:H7 cell suspension in a sterile Petri dish at room temperature 
for 1 hr. One half of the inoculated samples were treated in 20 mL chlorinated water (free 
chlorine, 0.9 mg/L) for 60 sec and the rest was used as a non-treated control.  
Microbial analysis     All inoculated surfaces with and without chlorine treatment were 
put into 10 mL 0.1% (w/v) sterile peptone water enriched with 0.1M sodium thiosulfate 
in a stomacher blender and ultrasonicated for 30 sec in a ultrasonic washing tank at 40 
kHz (Crest Ultrasonics, Road Trenton, NJ). The homogenate was serially diluted in 
peptone water, plated (100 L in triplicate) on trypticase soy agar (TSA, Difco 
Laboratories) containing 50 mg/L nalidixic acid, and incubated at 37°C for 24 h before 
enumeration. 
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7.2.4. Investigation of infiltration of human pathogen into produce by Xradia Bio 
MicroCT 
7.2.4.1. Imaging and reconstruction of 3-D structure of selected vegetables  
     Fresh vegetable pieces (2 mm  10 mm) including spinach, romaine lettuce, pepper, 
and tomato were taken. The disks were inserted into polyimide tubing and scanned with a 
three-dimensional (3D) Xradia Bio MicroCT (Xradia Inc. Concord, CA) at 0.5 ~ 4. 
The objects in 3D were viewed through micro-computed tomography (MCT) and the 
selection of virtual slices was allowed spaced by 1 lm, which facilitated illustrating bulk 
structure and inhomogeneous tissues through density variations. An X-ray tube with a 
tungsten anode setting of 40 kV at 4 W was adapted for the transmission X-ray imaging 
of the specimens. The 3D images were constructed using 720 images taken at 10 s per 
image. By collecting a series of two-dimensional images through the depth of a sample, a 
highly accurate three-dimensional image of the entire sample can be reconstructed by 
software provided with the Xradia scanner. 
7.2.4.2. Infiltration of human pathogen into produce 
      The leaf pieces (2 mm  10 mm) of spinach were taken by a seizer, inoculated with 
micro golden particles, and inserted into polyimide tubing and scanned by the three-
dimensional (3D) Xradia Bio MicroCT (Xradia Inc. Concord, CA) under the setting in 
7.2.4.1. Tomatoes were inoculated with 0.25 mL of 120 mg/mL potassium iodine in the 
stem scar for 1 hr, the cube including stem scar (15mm  15mm  30mm) was cut, fixed 
in a polyimide container and scanned using 3D Xradia Bio MicroCT (Xradia Inc. 
Concord, CA) with the setting in 7.2.4.1.  
7.3. Results and Discussions  
7.3.1. Effect of different surfaces of spinach leaves on the removal of E. coli 
O157:H7  
7.3.1.1 Removal of E. coli O157:H7 from surfaces of spinach leaves   
     The effect of produce surface morphology on the resistance of E. coli O157:H7 
against an ultrasound and 200 mg/L acidified sodium chlorite combined wash was 
examined. The results (Figure 7.1) show that the treatments (APD: 0, 200, and 400 W/L) 
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were significantly more effective for removal of E. coli O157:H7 inoculated on the upper 
smooth surface of spinach leaves than that on the under-side surfaces (p < 0.05). The 
rougher lower side surfaces of the spinach seemed to have provided protection to the 
microbes harbored on the surface and hence reduced the efficacy of the treatment. A 
good understanding of the produce surface characteristics and their impact on the 
retention and removal of bacteria may help to develop more effective means for surface 
decontamination. With a newly developed surface roughness measurement method, 
Wang et al. (2009) investigated the effect of surface roughness on removal of E. coli 
O157:H7 from fruit and metal surfaces treated with sanitizers or sonication. A linear 
increase of residual bacteria population with increased surface roughness was observed. 
To effectively remove attached bacterial cells from produce with a rough surface, an 
extended treatment time and more effective decontamination methods would have to be 
used.  
7.3.1.2. Imaging of spinach leaf surface  
     Two sides of a spinach leaf were imaged by ESEM (Figure 7.2).  The results show 
that the "mountains" and "valleys", present on both the upper surface and lower surfaces 
contained epidermal cells, stoma, and leaf veil cells. The magnitude of the undulations on 
the lower spinach surface was smaller than those on the upper surface, while the numbers 
of undulations on the lower spinach surface were greater than those on the upper surface.   
In addition, there were more stomata on the lower surface than that on the upper surface. 
Similar observations were reported in previous studies (Warner et al., 2008). The 
platelets of wax also existed on both sides of the spinach leaf.  The spinach leaf imaging 
with optical profiler (Figure 7.3) confirmed the finding in the ESEM images.  Moreover, 
the surface profiles showed that the waves on the upper surface of the spinach sample had 
a greater wave length than those on the lower surface. Images of the inoculated spinach 
surface by ESEM showed that the attached E. coli O157:H7 cells located in the stomata 
and valleys on both sides of the leaf (Figure 7.4). These results were also reported by 
other studies.  Berger et al. (2009) stated that the high number of enteroaggregative E. 
coli cells attached to the guard cell of the stomata of salad leaves. Seo and Frank (1999) 
also found that E. coli O157:H7 cells preferably attached to trichomes, stomata, and cut 
edges of lettuce leaves. Therefore, the difference in removal of E. coli cells from different 
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sides of a spinach leaf during the sanitation process may be attributed to these differences 
in the surface microstructure described above. 
7.3.2. The analysis of surface roughness for leafy green produce 
7.3.2.1. Verification of the surface roughness determination method by confocal 
scanning laser microscope 
     A non-contact method using confocal laser scanning microscopy (CLSM) for the 
measurement of produce surface roughness has been developed in our group (Wang et al., 
2009).  The previous study only validated that the measurement with CLSM was correct 
for a surface roughness value (Ra) of 1.60 µm from a standard specimen. However, the 
surface roughness value varies largely depending on the varieties of vegetables. It is 
important to ascertain if the new CLSM method can be used to measure surface 
roughness across an extended Ra from 0.80 µm to 6.30 µm. A composite set of surface 
finish standards (SPI # 30-695-1, Rubert & Co. LTD, Acru Works, Demmings Road, 
Cheadle, Cheshire, United Kingdom) was used for surface roughness determination with 
both a surface profilometer and the CLSM method. The standards were selected so that 
the range of surface roughness can cover that of most of vegetables. As shown in Figure 
7.5, a good correlation between the Ra values from the surface profilometer and the 
CLSM for the standard surfaces can be found (r = 0.996; p value = 0.0038), and the 
CLSM technique can be used to analyze surface roughness of the selected vegetable 
samples. 
7.3.2.2. Sample preparation method for the determination of surface roughness  
     The spinach leaf dishes were prepared by the freeze-drying method, critical point 
drying (CPD), and liquid substitution (LS) method, and imaged by ESEM. As the results 
indicated that the spinach leaf surfaces were significantly deformed and shrunk during 
ESEM scanning with wet mode (Figure 7.6 A and Figure 7.7A), while the LS method 
maintained a better surface structure but also caused obvious shrinkage and deformation. 
(Figure 7.6C and Figure 7.7C).  The images (Figure 7.6 and Figure 7.7) for samples 
prepared with the freeze-drying method and critical point drying (CPD) appeared to have 
kept the initial surface structure, clearly showing the surface characteristic structure 
(mountains and valleys). However, the critical point drying method kept more waxy 
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structure than the freeze-drying one, which may affect the reflection of laser light during 
scanning. Therefore, the freeze drying method is a more suitable sample preparation 
method for further determination of surface roughness. 
7.3.2.3. The development and verification of surface roughness method for fresh 
produce  
     For the use of CLSM to acquire produce surface topological information, a technical 
hurdle has been the dehydration of the sample during a CLSM measurement, which 
results in significant changes in the topography of produce surface over time and the shift 
of focusing point for CLSM, especially for leafy green produce.  For instance, the method 
developed Wang et al. (2009) would take four hours to scan one specimen and during 
which, the produce surface has already dehydrated, and as a result, it is not possible to get 
focused image signals.  
     In this study, apple surface disks (Golden Delicious) samples were freeze-dried before 
the CLSM. In the test, totally, 128 adjacent planes (layers) were acquired with a CLSM 
for each fresh-cut and freeze-dried apple samples.  Then a series of 2-D images was 
constructed into 3-D images (90  90  50 m) and 2-D cross section by a Matlab 
program. Roughness (Ra) was also calculated which was the arithmetic average of the 
absolute values of the surface height deviations measured from the mean plane. As can be 
seen from the 3-D reconstructed images and surface profiles of cross sections (Figure 7.8), 
the measurement from the fresh-cut apples and those from the freeze-dried exhibited 
almost the same surface microstructure. It seems the freeze drying had preserved the 
original sample surface structures without damaging the sample. In addition, by 
comparing the roughness values of the fresh-cut sample and that of the freeze-dried both 
measured by CLSM, there was no significant difference in the calculated surface 
roughness values between the two (Figure 7.9). Therefore, the freeze drying method of 
sample preparation worked well for imaging produce surface by CLSM. 
7.3.2.4. Roughness measurement for selected vegetables  
     The 3-D image and surface roughness of spinach, iceberg lettuce, romaine lettuce, 
green pepper, jalapeno pepper, Roma tomato and round tomato were determined by the 
method developed in section 7.3.2.3. The roughness values obtained by the new method 
showed that the Ra of all selected vegetables was in the range of 1.5 m to 2.5 m. Also, 
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there was no significant difference in the roughness of these selected vegetables (Table 
7.1, Figures 7.10, 7.11, 7.12, 7.13, and 7.14).   
     The results also showed that there was no significant difference in surface roughness 
between the upper surface and lower surface of spinach leaf. Thus, the surface roughness 
was not the root cause for the differences observed in the E. coli inactivation test where 
the log reduction of the upper and lower spinach surface was different.        
7.3.3. Effect of the surface hydrophobicity on the detachment of E. coli O157:H7 
from produce surface 
7.3.3.1. Hydrophobicity of selected vegetables 
    The surface hydrophobicity of spinach, iceberg lettuce, romaine lettuce, green pepper, 
jalapeno pepper, Roma tomato and round tomato were determined by the contact angle 
method and the results are tabulated in Table 7.2. The higher is the measured contact 
angle, the greater is the surface hydrophobicity of the selected vegetable.  
From Table 7.2, the hydrophobicity of outer surface of romaine lettuce ribs was the 
lowest, while that of round tomato was the highest. There was no significant difference in 
surface hydrophobicity among spinach leaf, green pepper, jalapeno pepper and Roma 
tomato. In addition, there was no significant difference in the surface hydrophobicity 
between the inner surface and outer surface of spinach leaves. Additionally, no 
significant difference in surface hydrophobicity across inner surface of iceberg lettuce 
and romaine lettuce, or across outer surface of iceberg lettuce was observed. However, a 
significant different in surface hydrophobicity was observed between the inner surface 
and outer surface of iceberg lettuce and romaine lettuce, especially for the ribs. Moreover, 
there was no significant difference in surface hydrophobicity between the green pepper 
and jalapeno pepper, but there was a significant difference in surface hydrophobicity 
between the Roma tomato and round tomato. 
7.3.3.2. Effect of ultrasound treatment on the hydrophobicity of spinach leaf 
     The surface hydrophobicity of spinach with different washing treatments was also 
determined by the contact angle method (Table 7.3). The results indicated that the 
ultrasound treatment for 1 min did not significantly change the surface hydrophobicity of 
spinach compared with the sanitizer solution or water only wash except for the lower 
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surface of leaves treated by water. At the same time, there was no significant difference 
in the surface hydrophobicity between the upper surface and lower surface of spinach 
except that the lower surface of the leaves treated with water had a lower hydrophobicity 
than that of the upper surface. After treated with water only, the hydrophobicity of the 
upper surface of spinach leaves significantly increased compared to that of non-treated 
leaves, while the hydrophobicity of the lower surface of spinach leaves significantly 
decreased compared to that of the non-treated leaves. Additionally, there was no 
significant difference in the hydrophobicity of spinach leaves between no treatment and 
all washing treatments except for water only wash, either for the inner surface or the 
outer surface. 
7.3.3.3. Effect of surface hydrophobicity on the removal of E. coli O157:H7 from 
contaminated standard surface 
     The effect of surface hydrophobicity on the attachment and detachment of E. coli cells 
to and from selected surfaces is shown in Table 7.4. The surface roughness values were 
much smaller than the size of E. coli cell. The surface roughness of all selected surfaces 
was under 70 nm, while the sizes of E. coli cells were around 0.5  1~3 m. Therefore, 
the pores or wells at this scale on these selected surfaces cannot trap the cells or affect the 
attachment of cells if present. The results also revealed that cover glass was the most 
hydrophilic, and stainless steal chip was the most hydrophobic. No significant difference 
(p < 0.05) in the attachment of E. coli cells was observed between these three different 
surfaces, although cover glass entrapped marginally higher population of bacterial cells 
than stainless steel chip. However,   the results showed that the removal of E. coli cells 
was significantly easier from cover glass surface than from stainless steel chip surface 
(p<0.05) though chlorinated water wash with the concentration of 0.9 mg/L free chlorine. 
This may be contributed to the hydrophobicity of cover class surface which increased the 
approachability of chlorinated water.  
     Surface hydrophobicity is one of the surface properties of plants, and influences 
surface hydration (Vacheethasanee et al., 1998). Wang et al. (2009) noticed that several 
fruits including apple, avocado, orange and cantaloupe exhibited different surface 
hydrophobicity. The surface hydrophobic of selected vegetables in this study also had 
different values with contact angles ranging from 10 to 103. As reported, the degree of 
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bacterial adhesion to solid substrata was closely associated with the relative 
hydrophobicity (Fletcher and Loeb, 1979). Fletcher and Loeb also revealed that the 
adhesion of a marine pseudomonad increased with increasing substratum hydrophobicity. 
It has also been reported that hydrophobic surfaces such as rubber and plastics allowed 
greater attachment than hydrophilic surfaces such as stainless steel (Faille et al., 2002). A 
decrease in surface free energy also effectively decreased the numbers of attaching E. coli 
cells (Zhao et al., 2007). The in situ study of Dexter (1979) on adhesion in a marine 
habitat demonstrated that relatively hydrophobic surfaces resulted in minimal adhesion 
with critical surface tensions in the range of 20-30 mN/m. Surface hydrophobicity was 
reported to link with surface roughness by a negative linear relation for the aluminum 
stubs (Wang, 2009). Faille et al. (2002) found that the number of cells adhering to 
rougher surfaces was higher than a less rough one while other studies showed that the 
surface roughness of abiotic materials did not influence attachment (Oliveira et al., 2006).   
7.3.4. Observation of the filtration of human pathogens into produce 
7.3.4.1. The imaging of 3-D structure of spinach leaf using Xradia Bio MicroCT  
Images of spinach leaf     In this study, several sample preparation procedures for 
imaging spinach leaves by Bio MicroXCT were investigated. The spinach leaves were 
prepared by the freeze-drying, liquid substitution (LS) and critical point drying, and 
scanned with the MicroCT. Fresh spinach leaves were also observed with the MicroCT. 
From the x-ray images, the LS method prepared sample did not show any discernable 
images of the internal structure of the spinach leaf, and appeared to show a complete 
destruction of the internal structure (Figure 7.15-B). The internal structure of the spinach 
leaf was also significantly changed, after freeze drying (Figure 7.15-C). The critical point 
drying seemed to have kept some internal structure, but the view was also different from 
the images from the fresh sample where a relatively clear 3D-stucture was obtained, 
although the images did shift a little during scanning. From Fig. 5.15-A, in spinach leaf, 
files of parenchyma cells can be observed between palisade and spongy mesophyll cells, 
linking fine veins. 
     Freeze drying is an alternative to air drying in order to minimize the damage of 
produce structure. Vegetables do not collapse significantly (less than 10%) during freeze-
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drying at low temperatures (Karathanos et al., 1996) and mesophyll cells and border 
parenchyma cells were kept in leaf pieces (Thaine and Bullas, 1965). However, some 
studies reported that freeze drying resulted in irregular cavities and broken cell walls in 
microphotographs which were not found in raw apple (Lewicki and Pawlak, 2003), and 
micrographs of the freeze-dried cells showed ultrastructure destroyed by internal ice 
crystals and surface structure destroyed by external ice crystals (Nordestgaard and 
Rostgaard, 1985). In our research, the changes in spinach leaves after freeze drying were 
evidenced, while critical point drying resulted in fewer changes in produce structure than 
other methods used in this study. Nordestgaard and Rostgaard (1985) also reported that 
the critical-point drying showed well-preserved ultrastructure and surface structure dried 
cells.  A future test can be done with a fast freezing drying to produce fine ice crystals, 
hoping to reduce the internal structure changes in freeze-dried samples. 
Images of tomato stem, romaine lettuce rib, and jalapeno pepper stem and skin     In 
this study, tomato stem, romaine lettuce rib, and jalapeno pepper stem and skin were 
scanned by Bio MicroXCT. 
     The images in Figure 7.16 clearly show the internal structure of selected vegetables. 
Figure 7.16-A was from a Roma tomato stem. The boundary between the vascular bundle 
and pericarp (Xylem) can be seen clearly, which may provide a pathway for bacterial 
penetration. It appeared that the contrast in X-ray signals of the MicoXCT from different 
tissues of a fresh tomato sample is enough for the purpose of illustrating the internal 
structure.  The structure of romaine lettuce rib is shown in Figure 7.16-B. Some voidages 
were present among the dense tissue, which might function as channels for human 
pathogenic cells to get in the inner tissue.  Figure 7.16C is for the structure of jalapeno 
pepper, from which penduncle (stem), calyx, placenta, mesocarp, and seeds can be 
differentiated with the mesocarp being composed of dense tissues.   
7.3.4.2. The mapping of the filtration of human pathogen into produce using Xradia 
Bio MicroCT 
     The vascular bundles and other tissues are normally not vertically distributed, and, 
therefore, to trace the pathway of human pathogen’s infiltration requires a 3D imaging 
capacity. The laser confocal microscopy with fluorescence-label can be used to obtain 
such 3-D images, but the thickness of sample is limited to be not more than a few 
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hundred microns (Wanninger, 2007). For produce samples, the MicroXCT imaging is an 
alternative for nondestructive volumetric imaging. In this study, tomato and spinach leaf 
inoculated with some X-ray contrast agents were imaged by Bio MicroXCT. 
Imaging the penetration of KI into roma tomato by Xradia Bio MicroXCT     The 
MicroCT images taken from the sample cross section (Fig. 7.17) showed that the 
potassium iodine concentrated on vascular bundles. It can also been seen that this contrast 
agent infiltrated into tomato tissue along the vascular bundles.  This is a good indication 
that MicroCT imaging with potassium iodine as a contrast enhancing agent may be a 
feasible method for monitoring the infiltration of human pathogen into produce tissues.   
Osmium tetroxide is one of the most successful contrast agents used for microXCT 
imaging of biological tissues (Johnson et al., 2006; Bentley et al., 2007). However, its 
capacity for tissue penetration is limited (Hayat, 1970). Moreover, osmium is volatile and 
toxic. In this trial, iodine potassium was used as an alternative contrast agent to osmium 
tetroxide, because it is simple to prepare and use, can rapidly penetrate into tissue, and 
provides a excellent contrast among various tissues (Metscher, 2009).  
Imaging the presence of gold particles on the spinach leaves     In this study, gold 
microparticles were tested as a contrast agent for MicroXCT. The images (Figure 7.18) 
showed that there exited a good contrast between gold particles and spinach leaf tissues.  
     Current tri-iodobenzene-based agents including inorganic iodine and phosphotungstic 
acid for X-rays have serious disadvantages, including short imaging times, the need for 
catheterization in many cases, occasional renal toxicity, and poor contrast in large 
patients (Hainfeld et al., 2006). In addition, the size of inorganic iodine or 
phosphotungstic acid molecules is too small compared to that of bacterial cells, and, 
therefore, cannot mimic the behavior of human pathogen infiltrating into produce. Gold 
micro-particles have a comparable size with bacterial cells. Gold nanoparticles have been 
demonstrated as a new X-ray contrast agent without significant limitations of iodine-
based agents (Hainfeld et al., 2006). Therefore, gold particles might be used with 
MicroXCT to trace the infiltration pathway of human pathogen into fresh or fresh-cut 
produce. 
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7.4. Conclusions 
     The down surface of a spinach leaf (rough side) provided a better shelter for E. coli 
O157:H7 cells attached on the leaf than the upper surface. The SEM images and optical 
profiler mapping of the spinach leaf showed that the undulations on the upper side were 
fewer in number but greater in size than that on the lower side. In addition, the freeze 
drying method of sample preparation worked well for produce surface roughness 
determination by CLSM. There was no significant difference in surface roughness of 
selected vegetables determined by the CLSM method. Moreover, the surface 
hydrophobicity on the inner surface of spinach leaves was not significantly different from 
that of the outer surface, and the surface hydrophobicity remained unchanged during 
ultrasonication.  Further, the MicroXCT may be used as tool to image the infiltration 
pathway of human pathogens into fresh or fresh-cut produce.   
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7.6. Figures and Tables 
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Figure 7.1 Effect of inoculation location on reduction of E. coli O157:H7 from surface of 
spinach under different input power density. ASC concentration = 200 mg/L; treatment 
time = 2 min. Error bar represents standard deviation. 
(A1) (A3)(A2)
(B1) (B3)(B2)
 
Figure 7.2 Images of spinach lower surface from ESEM under critical point drying 
method at normal mode. (A1) upper surface, ×500; (A2) upper surface, ×800; (A3) upper 
surface, ×2000;  (B1) lower surface; (B2) lower surface, ×800; (B3) lower surface, ×2500. 
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Figure 7.3 Images of spinach surface by the 3D Optical Surface Profiler. (A1) 2-D 
surface map of upper surface; (A2) 3-D surface map of upper surface; (A3) surface 
profile of upper surface;  (B1) 2-D surface map of lower surface; (B2) 3-D surface map 
of lower surface; and (B3) surface profile of lower surface.   
(A)
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Figure 7.4 Image of spinach leaves inoculated with E. coli O157:H7 cells. (A) stoma on 
the upper surface; (B) valley on the upper surface; (C) stoma on the lower surface; and (D) 
valley on the lower surface. 
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Figure 7.5 Correlation of surface roughness of a standard metal sample measured by a 
surface profilometer and a laser scanning confocal microscope. 
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Figure 7.6 Images of spinach upper surface from ESEM with different sample 
preparation methods. (A) fresh spinach sample under wet mode; (B) freeze-drying under 
normal mode; (C) glycerin replacement under wet mode; and (D) critical point drying  
under normal mode. 
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Figure 7.7 Images of spinach lower surface from ESEM with different sample 
preparation methods. (A) fresh spinach sample under wet mode; (B) freeze-drying 
method under normal mode; (C) glycerin replacement under wet mode; and (D) critical 
point drying under normal mode. 
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Figure 7.8 Reconstructed CLSM images of apple surfaces. (A) 3D image of fresh apple 
surface; (B) 2D cross section of fresh apple surface; (C) 3D image of freezing dried apple 
surface; and (D) 2D cross section of freezing-dried apple surface. 
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Figure 7.9 Mean roughness (Ra) of the surface of fresh-cut and freeze-dried apples. AFC: 
fresh-cut apple sample; AFD: freeze-dried apple sample. Error bar represents standard 
deviation. 
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Figure 7.10 Reconstructed CLSM 3-D image and 2-D cross section of spinach leaf 
surface. (A) the upper surface; (B) the lower surface. 
171 
 
0 10
20 30
40 50
60 70
80 90
0
10
20
30
40
50
60
70
80
90
50
0
50
0 10
20 30
40 50
60 70
80 90
0
10
20
30
40
50
60
70
80
90
-50
0
50
0
10
20
30
40
50
60
70
80
90
0
10
20
30
40
50
60
70
80
90
-50
0
50
0
10
20
30
40
50
60
70
80
90
0
10
20
30
40
50
60
70
80
90
-5
0
5
x 104
0 10 20 30 40 50 60 70 80 90
-20
-15
-10
-5
0
5
10
15
20
0 10 20 30 40 50 60 70 80 90
-20
-15
-10
-5
0
5
10
15
20
 
 
0 10 20 30 40 50 60 70 80 90
-20
-15
-10
-5
0
5
10
15
20
0 10 20 30 40 50 60 70 80 90
-20
-15
-10
-5
0
5
10
15
20
m
m
m
m
m
m
m
m
m
m
m
m
(A)
(D)
(C)
(B)
m
m
m
m
m
m
m
m
 
Figure 7.11 Reconstructed CLSM 3-D image and 2-D cross section of romaine lettuce 
leaf surface. (A) the inner surface of leaf; (B) the out surface of leaf; (C) The inner 
surface of rib; and (D) the outer surface of rib. 
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Figure 7.12 Reconstructed CLSM 3-D image and 2-D cross section of iceberg lettuce 
leaf surface. (A) the inner surface of leaf; (B) the out surface of leaf; (C) The inner 
surface of rib; and (D) the outer surface of rib. 
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Figure 7.13 Reconstructed CLSM 3-D image and 2-D cross section of pepper surface. (A) 
green pepper and (B) jalapeno. 
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Figure 7.14 Reconstructed CLSM 3-D image and 2-D cross section of tomato surface. (A) 
Roma tomato and (B) Round tomato. 
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Figure 7.15 Images of fresh spinach leaf by Xradia Bio MicroXCT. (A) fresh sample, (B) 
LS sample, (C) freeze drying sample, and (D) critical point drying sample. 
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(A) (B)
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Figure 7.16 Images of selected vegetables by Xradia Bio MicroXCT. (A) Roma tomato 
stem, (B) Romaine lettuce rib, (C) jalapeno pepper stem, and (D) jalapeno pepper skin.  
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Figure 7.17 Images showing the filtration of potassium iodine as human pathogen 
surrogate.    
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Figure 7.18 Images showing the filtration of gold particles as human pathogen surrogate.  
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Table 7.1 Surface roughness values of selected vegetables. 
 
Ra (µm) 
Inner surface Outer surface 
Leaf rib leaf rib 
Iceberg lettuce 2.00a 1.72a 1.56 a 1.80a 
Romaine lettuce 1.87a 1.79a 1.98a 2.00a 
Spinach 2.00a 1.80a 
Green pepper N/A 1.54a 
Jalapeno pepper N/A 1.73a 
Roma tomato N/A 1.60a 
Round tomato N/A 1.60a 
 
 
 
Table 7.2 Surface contact angle values of selected vegetables. 
 
Contact angle 
Inner surface Outer surface 
Leaf rib leaf rib 
Iceberg lettuce 51.65de* 59.89d 63.31cd 75.95bc 
Romaine lettuce 84.68b 81.47b 43.13e 13.66f 
Spinach 80.61b 83.73b 
Green pepper N/A 85.68b 
Jalapeno pepper N/A 91.33ab 
Roma tomato N/A 60.23cd 
Round tomato N/A 101.74a 
       *Data followed by different letters in the same column are significantly (p < 0.05) different among 
different samples (LSD=0.559, df=81). 
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Table 7.3 Suface contact angle of spinach leaves with different treatments. 
 
Contact angle 
Inner surface Outer surface 
None 80.61bc 83.73abc 
Water 92.85a 66.60d 
Water+Ultrasound 84.40abc 76.21c 
Chlorine 88.70ab 81.46bc 
Chorine+Ultrasound 81.81bc 80.71bc 
 
 
 
Table 7.4 Effect of surface hydrophobicity on attachment and detachment of E. coli 
O157:H7 to and from standard surfaces. 
 
 
 
 
 
 
 
 
 
 
          Standard surface  
Characteristics   
Cover glass Polycarbonate chip Stainless steal chip 
Surface roughness 
(Ra, nm) 
1.83a 7.18b 50.63b 
Hydrophobicity  
(contact angle, °) 
55.27 a 83.21b 93.92c 
Attachment of E.coli 
cells (log CFU/mm2) 
5.12a 5.06a 4.97a 
Removal of E.coli cells 
(log CFU/mm2) 
1.44a 1.05a 0.43b 
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CHAPTER 8 
SANITATION AND NEW DESIGN OF LETTUCE CORING KNIVES FOR 
MINIMIZING ESCHERICHIA COLI O157:H7 CONTAMINATION 
 
ABSTRACT 
 
     Knives used for coring in field (CIF) lettuce harvesting are likely to contact soil and 
consequently could serve as a vehicle for the contamination and transfer of food-borne 
human pathogen to multiple harvested lettuce heads in a cored-in-field harvest operation.  
The current widely used harvesting knife design consists of a wedge shaped blade and a 
coring ring that are roughly welded at opposite ends of a central plastic handle. The rough 
weld design enhances attachment of bacteria and soil/plant sap which make the knife 
difficult to thoroughly disinfect. Improving in-field sanitation and design of coring knife 
are critical measures for minimizing E. coli O157:H7 contamination and advance the 
safety of iceberg lettuce. This study was undertaken to examine the effect of 
ultrasonication-assisted chlorine wash on E. coli O157:H7 populations inoculated on 
three types of coring knives including two newly designed knives. The coring ring 
portion of knife was inoculated by dipping into 250 mL soil slurry containing 106 E. coli 
cells for 1 min, followed by air-drying in a bio-hood for 2 h at 22°C, and treated by 
dipping into chlorinated water with available chlorine ranging from 1 to 200 mg/L, with 
and without ultrasonication (25 kHz, 500 W/L) for 30, 60, and 120 s. Results showed that 
significantly less E. coli cells were trapped on the coring rings of the two new coring 
knife designs than that on the traditional knife. The ultrasound treatment completely 
reduced E. coli O157:H7 to below the detection limit on coring knife at both the coring 
blade and welding joint within 30 s in 1 mg/L chlorinated water, while the addition of 
Tween 80 did not improve the disinfection efficacy of a 10 mg/L chlorinated water wash.  
The two prototype coring knives harbored significantly fewer E. coli cells than the 
current commercially used ones, and also enabled high disinfection efficacy. 
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8.1. Introduction 
      Leafy greens are the main ingredients of many salads which are an important 
component of a healthy diet, providing many nutritional benefits and countering obesity.     
Unfortunately, leafy greens also have become a major vehicle of the transmission Shiga 
toxin-producing Escherichia coli (STEC) to humans in the past decade and lettuce is the 
leafy green most frequently involved in foodborne illness outbreaks caused by 
Escherichia coli O157:H7 (Rangel et al, 2005; Cooley et al, 2007).  Lettuce and other 
produce are vulnerable to contamination by E. coli O157:H7 at numerous stages in the 
entire journey that it takes from farm to fork, among which harvesting and minimal 
processing are two of these critical stages for microbial safety control (Ackers, 1998).     
     Before packaging, storage and distribution, iceberg lettuce grown for fresh-cut 
processing is trimmed and cored in the field. Field coring initiated in the late 1990s has 
been widely adopted by the industry for the harvest of lettuce destined for fresh-cut 
processing. Lettuce cored-in-field (CIF) operation increases processing plant production 
yields from traditional levels of 60-70% to nearly 100% (Anon, 1996, 2001). This 
process also significantly reduces shipping costs, especially for cross-country hauls 
(Brown and Rizzo, 1999; 2001). Several technical innovations have been developed and 
patented to facilitate this process, which has had significant positive economic benefits 
for the industry (Suslow et al., 2003; de Groot et al., 2008), which has had very 
significant positive economic benefits for the industry.   
     Since the outer/wrapper leaves are removed and only relatively clean inner leaves are 
harvested, the CIF provides one way to potentially reduce soil contamination and thereby 
total microbial populations per head on intact leaves.  However, the significant tissue 
wounds generated via core-removal coupled with the need for additional human handling 
per head, also increases the vulnerability of the process, which occurs in an open-air field 
environment, to direct contamination risks on nutrient-rich wounded tissues (FAO/WHO, 
2008). Moreover, coring knives, contaminated through contact with contaminated soils, 
plants, or worker gloves, could serve as vehicles for subsequent contamination of the 
edible portions of harvested lettuce heads (Taormina et al., 2009).  Studies conducted by 
McEvoy et al. (2009) and Taormina et al. (2009) have shown that a single contaminated 
coring knife could transfer E. coli O157:H7 to between 10 and 19 lettuce heads, 
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depending on the initial contamination level.  Furthermore, E. coli O157:H7 can grow on 
cored lettuce when held at ambient conditions for 4-8 hr, due to the release of nutrients 
from the damaged tissues (McEvoy et al., 2009).  However, inoculum levels of E. coli 
O157:H7 used in these previous studies were higher than those typically expected on 
fresh produce of lettuce growing field.  The extent of pathogen contamination on lettuce 
tissue after coring would depend on the contaminant loads on the coring knife, in the soil, 
transfer coefficients from soil to knife and from knife to lettuce tissue, and growth after 
contaminant contact. The current widely used coring knife consists of two parts, a cutting 
blade and a coring ring, attached at opposite ends of a central handle. The coring ring is 
attached to the rest of the knife by a roughly welded joint. The rough weld provides a 
sheltered environment and favorable attachment site for microbes. Strategies to minimize 
the contamination of or removal of pathogens from the coring knives are therefore 
needed to secure microbial safety of CIF-harvested lettuce.  
     Surface cleaning with ultrasound is a mature technology that has found applications in 
the cleaning and disinfection of dental and surgical instruments, as well as in 
pharmaceutical industry (Mason and Lorimer, 2002). Studies have shown that ultrasound 
treatment can effectively remove biofilms and biofouling from food processing 
equipment (Oulahal et al., 2000, 2003, 2004; Baumann et al., 2009).  In an ultrasonic 
cleaning operation, acoustic bubbles oscillate at the surface to be cleaned. The flow 
resulting from the bubbles collapse leads to important drag and shear forces on the 
surface, causing surface cleaning. Cavitations related phenomena, such as water jet and 
micro-streaming are also important in detaching particles/microbes from a surface (Feng 
and Weiss, 2008).  
    This study was undertaken to examine the effect of chlorine in combination with 
ultrasonication or the surfactant, Tween 80, on reduction of E. coli O157:H7 populations 
on coring knife. Additionally, the structure of the commercially used coring knives was 
improved upon in the design of 2 new prototypes which eliminate the rough weld and 
were tested for function and ease of cleaning. An effort was also made to design a new 
knife with no welding joint to eliminate pathogen attachment site.  
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8.2. Materials and Methods 
8.2.1. Inoculum preparation 
    In this study, a nalidixic acid-resistant derivative of attenuated E. coli O157 :H7, strain 
87-23 (nonpathogenic), was obtained from Environmental Microbial and Food Safety 
Lab (EMFSL), USDA ARS (Beltsville, MD). The cells in tryptic soy agar (TSA) slant 
were transferred 3 times to tryptic soy broth (pH 7.3, Difco Laboratories, Detroit, Mich., 
U.S.A.) by loop inoculation at successive 24-h intervals followed by incubation at 37 ◦C. 
Bacterial cells were harvested, after 24 h of growth, by centrifugation (6000 × g) at 4 ◦C 
for 10 min. The cell pellets were washed twice in peptone water (0.85% NaCl, 0.1% 
Bacto Peptone), and resuspended in 10 mL of peptone water. The final concentration of E. 
coli O157:H7 in the inoculum, determined by plating serial dilutions on TSA containing 
50 g/mL nalidixic acid and incubating at 37◦C for 24 h, was approximately 109 
CFU/mL. Iceberg lettuce (867 g  2 g) was purchased from the Central Illinois Produce 
wholesale store. Two heads of lettuce were trimmed and cored, and the tissues were 
homogenized using a blender (Waring Commercial Blendor, Waring Commercial., 
Torrington, CT, USA), and filtered through cheese clothes to make lettuce juice. Six 
hundred milliliters of lettuce juice were obtained. Soil sample was taken from the local 
field (Urbana, IL), and dried at 55C for 24 h. The dried soil was ground with mortar and 
pestle and autoclaved at 121C for 40 min. Samples of 125 g sterile soil power were 
mixed with 250 mL sterile lettuce juice, and agitated well using stir bar. A 0.25 mL 
aliquot of E. coli O157:H7 inoculum was added into 250 mL of soil-lettuce juice slurry to 
obtain the desired initial inoculation concentration.    
8.2.2. Inoculation of coring knifes 
Three types of lettuce corning knife were used in the study, including the commercially 
used lettuce CIF harvest knife as shown in Figure 8.1 (Agricultural Products, Inc., Salinas, 
CA), a prototype coring knife with no joint between the coring ring and the knife handle, 
and another prototype coring knife with the rough welds polished. The prototype of a 
novel coring knife had the same cutting blade as the current commercial coring knife; and 
the coring ring (with the tang) was made from a 316 stainless steel tube using wire EDM 
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(Electrical Discharge Machining). The coring knife handle was made of Vero, and was 
created using a rapid prototyping technique. The cutting blade and coring ring were 
assembled together through the tangs by tungsten inert gas (TIG) welding, and inserted in 
the handle. The two sides of the handle were adhered by J-B weld epoxy, and clamped 
together for 24 h.   
    Given the fact that lettuce harvest crews in the field may use the coring knives for 
about 2 h before disinfecting them during break, the coring knives may have a significant 
amount of soil and lettuce extract accumulated on the knives during 2 h. This condition 
was thus simulated by the preparation of E. coli O157:H7 inocula mixed with lettuce 
extract and soil slurry. The coring ring and point for each of the three types of knives 
were dip-inoculated in the E. coli spiked soil-lettuce juice slurry containing 106 CFU/mL 
EHEC cells for 1 min, and dried in the bio-hood (Labconco® Purifier® 2-ft PCR 
Enclosure, Labconco Corporation, Kansas City, Missouri, USA) at 22°C for 2 h before 
sanitization treatment. 
8.2.3. Preparation of sanitizers 
    Chlorine solution (1, 10, 50, 100, and 200 mg/L available chlorine) was prepared with 
a concentrated food-grade sodium hypochlorite (6%) and the pH was adjusted to 6.5 with 
1.0M HCl. The available chlorine was determined with a chlorine test kit (No. 2231-01, 
HACH, Loveland, CO). Washing solution containing 10 mg/L chlorine and Tween 80 
(10, 100  or 1000 mg/L) was also prepared by adding sodium hypochlorite and Tween 80 
to 12 L distilled water.  
8.2.4. Treatment procedures 
     The first study was conducted to determine the differential attachment of microbial 
cells to the different parts of the commercial coring knife (Figure 8.1) and its effect on 
disinfection. The inoculated coring part of knife was treated by dipping into washing tank 
containing different concentrations of chlorine (1, 10, 50, 100, and 200 mg/L available 
chlorine) with and without ultrasonication at 25 kHz for 1 min following a 10-min 
degassing. 
     The second study was conducted to investigate whether surfactants enhanced the 
disinfection of the commercial coring knife by chlorinated water. The inoculated coring 
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part of knife was treated by dipped into washing tank containing chlorine solution with 
Tween 80 for 1 min.   
     The third study was conducted to test the effect of the improvement in the design of 
coring knife on the disinfection efficacy attached to the surface of coring knife. The 
coring parts of three types of knives were treated by dipped into washing tank containing 
10 mg/L of chlorine solution for 1 min.  
8.2.5. Microbial analysis 
    The smooth and rough parts of a knife (20  20 mm) with or without treatment were 
sampled by swabbing the surface with sterile cotton rods three times. The cotton rods (3) 
were added into stomacher bags containing 10 ml 0.01M buffer, and sprinkled for 1 min. 
The stomaching solution was diluted and inoculated on TSA agar plates containing 50 
g/mL nalidicic acid. Each plate contained 0.2 ml inoculum’s solution. The plates were 
incubated at 37C for 24 h. The colonies were enumerated.   
8.2.6. Statistical analysis 
     Three replications for each treatment were performed. For the different experiments, 
the attachment and detachment of bacterial cells on and from different parts of coring 
knife or different types of coring knives, and treatment effects including chlorine 
concentration, Tween 80 concentration, and addition of ultrasonication were compared 
using the GLM procedure of SAS (SAS Inst. Inc., Cary, N.C., U.S.A.). The Fisher’s LSD 
test was used to determine differences among means at α = 0.05. 
8.3. Results 
8.3.1. The attachment of E. coli O157:H7 on different parts of coring knife 
     The currently widely used CIF lettuce coring knife is composed of a cylindrical coring 
ring roughly welded to a metal shaft, opposite a cutting blade. A central plastic handle 
surrounds the metal shaft. The rough weld joint provides excellent attachment sites and 
shelter for microorganisms and is resistant to sanitization, rendering the knife more 
susceptible for contamination and cross-contamination of iceberg lettuce. (Taormina et al., 
2009). This experiment was carried out to investigate whether E. coli O157:H7 attach 
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preferentially to certain parts of the coring knife when immersed in soil slurry containing 
106 CFU/ml of E. coli O157:H7.  The results (Figure 8.2) show that E. coli O157:H7 cells 
favor attachment on the rough surface of the weld joint rather than on the smooth surface 
of the coring ring.  E. coli O157:H7 cells were counted only from the outer surfaces of 
contaminated coring rings, because the outer surface is the critical point of contact 
between the knife and the lettuce head (McEvoy et al., 2009; Taormina et al., 2009).  
Additionally, the inoculum consisting of soil and lettuce juice containing E. coli O157:H7 
cells simulated the worst-case situation of pathogen contamination. Once contaminated 
with E. coli O157:H7 cells, the coring parts of knife were difficult to disinfect through 
traditional wash operations.  
8.3.2. Disinfection of traditional coring knives using ultrasound-assisted chlorinated 
wash 
     Best practices previously recommended for sanitation of harvesting knives include 
dipping in 200 mg/L chlorine solution for 10s (NFPA, 2001). However, Taormina et al. 
(2009) reported that this practice did not eliminate E. coli O157:H7 from the coring knife, 
although a reduction in population was obtained. This experiment was intended to 
explore effective methods for the decontamination of coring knives in order to decrease 
the risk for cross-contamination of iceberg lettuce. Chlorinated water wash is a traditional 
commercially used sanitizing method. However, since chlorinated water is typically re-
used, the reaction of chlorine with organic matter such as lettuce extract and soil present 
on the knives may cause significant degradation of chlorine and compromise the efficacy 
of the wash treatment. Therefore, the minimum effective concentration of chlorine on E. 
coli O157:H7 inactivation was studied. In this trial, the coring knife was washed in 
chlorine solution (1, 10, 50, 100, and 200 mg/L). The results (Figure 8.3A and B) 
indicated that 50 mg/L free chlorine was sufficient to reduce E. coli O157:H7 to below 
the detection level on both smooth areas and rough weld joints, while 10 mg/L free 
chlorine was effective for the smooth area, but not for rough welds.  
     Ultrasound technique with the frequencies of 20 kHz to 100 kHz has been applied 
effectively for the cleaning and disinfection of surgical and dental instruments. 
Traditional ultrasonic washing tanks were used to clean the lab tools, although the 
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commercial ultrasound tool cannot inactive the microorganisms by itself. In this test, 2l 
kHz of ultrasound under the acoustic power density of 80 W/L in combination with 
chlorinated water was used to clean and disinfect the coring knives. The results (Tables 
8.1 and 8.2) indicated that ultrasound-assisted washing of coring knives effectively 
reduced E. coli O157:H7 populations to below the detection limit on both the smooth 
areas and rough weld joints of the knives in 30 sec at 1mg/L chlorinated water. Therefore, 
ultrasonication dramatically decreased the chlorine concentration necessary to eliminate 
E. coli O157:H7 cells attached to the coring knifes (from 50 mg/L to 1 mg/L), and is an 
effective method for coring knife disinfection. 
     It was noticed that the soil particles from the knives accumulated on the ultrasound 
tank wall. However, this accumulation did not affect the disinfection efficacy of 
ultrasound appreciably (data not shown). Moreover, compared to chlorine wash alone, 
ultrasonication increased the chlorine depletion rate, which might be attributed to the 
break down and removal of soil particles from the surface of coring knife.       
8.3.3. Disinfection of traditional coring knives using Tween 80-assisted chlorinated 
wash 
    Surfactants, such as Tween80, are used in detergent solutions for surface cleaning and 
disinfection, because their unique amphiphilic properties allow solubility in both lipid 
and water. They have been applied commercially in the cleaning of contact surfaces of 
food processing equipment (Coughlin et al., 2008). This experiment investigated the 
ability of Tween80 to enhance the chlorine sanitation of coring knives. Washing solution 
containing 10 mg/L chlorine and Tween80 (10, 100 or 1000 mg/L) was prepared by 
adding Sodium Hypochlorite 6% (Clorox Bleach) and Tween 80 into 12 liter distilled 
water. The results (Figure 8.4) indicated that Tween 80-assisted wash of coring knife did 
not significantly improve the inactivation of inoculated E. coli cells on the welding joint 
of the knife in 1 minute.  
     Soil removal from stainless steel surfaces normally consisted of two steps: 
liquefaction (wetting) and emulsification. During this whole process, surfactants can 
contribute to both these two critical processes by facilitating penetration and stabilizing 
soil particles in liquid suspension. However, the function of surfactants greatly depends 
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on the surfactant-soil HLB (Hydrophile-Lipophile Balance) and surfactant hydrophobe 
size (Cox, 1986).  Therefore, it may be worthwhile to investigate the use of other 
surfactants besides Tween 80 for enhancing coring knife sanitation in future research.  
8.3.4. Attachment and removal of E. coli O157:H7 on different types of knives 
     Based on the knowledge obtained from preliminary tests, two new coring knives were 
designed and fabricated (Fig 8.5). Both designs eliminate the rough weld to discourage 
microbial attachment and enhance disinfection efficacy. Prototype 1 was designed and 
fabricated with one piece and without welding (Fig. 8.5B). The stainless steel coring ring 
with a connector was fabricated, and then glued to the shaft made of plastic by a new 
rapid prototyping technique. Prototype 2 was the typical commercial coring knife except 
that the rough weld was polished to a smooth finish (Fig. 8.5C).  Experiments were 
carried out to test the contamination and decontamination of the 3 designs of coring 
knives. Figures 6A indicated that the two new prototype knives retained significantly 
fewer E. coli cells on the coring rings than did the traditional knife. It was also verified 
that the inactivation of E. coli cells retained on the coring rings of the two prototype 
knives was easier than for those retained on the coring rings of the traditional knife (Fig. 
6B).  Prototype 1 was also field tested during Taylor Farms CIF harvesting and received 
very positive feedback.  
8.4. Conclusions 
The ultrasound treatment reduced the E. coli O157:H7 count to below the detection limit 
on coring knife at both the coring blade and welding joint within 30 s in 1 mg/L 
chlorinated water.  The two prototype coring knives harbored significantly fewer E. coli 
cells than the current commercially used ones, and also enabled high disinfection efficacy. 
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8.6. Figures and Tables 
 
Figure 8.1 Commercial lettuce coring knife. 
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Figure 8.2 Attachment of E. coli O157:H7 on the smooth and rough welding joint of a 
typical lettuce coring knife. 
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Figure 8.3 Recovery of E. coli O157:H7 on the smooth (A) and rough welding point (B) 
of a typical coring knife treated with chlorine alone or in combination with ultrasound for 
1 min. ND: Non-detectable level.  
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Figure 8.4 Recovery of E. coli O157:H7 on the rough welding joint of a typical lettuce 
coring knife treated with 10 mg/L chlorine alone or in combination with Tween80 for 1 
min. N: Un-treated control. 
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Figure 8.5 Development of coring knife with improved food safety feature. A1: Coring 
knife currently currently used in the industry; A2: Enlarged image showing the rough 
welding of he coring ring; B1: Prototype 1 - One piece design; B2: enlarged image 
showing no welding point; C1: Prototype 2. Current coring knife with rough welding 
point smoothed out; C2: enlarged image showing the smooth welding point.   
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Figure 8.6 Attachment (A) and removal/inactivation (B) of E. coli O157:H7 on the 
currently used coring knife, and the two prototypes with rough welding point removed or 
smoothed. Chlorine concentration =10 mg/L chlorine. 
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Table 8.1 Recovery of E. coli O157:H7 on the coring blade of coring knife of lettuce 
after treated by chlorine combined with ultrasound, prepared by lettuce juice inoculums.  
             Chlorine 
Time 
1mg/L 10mg/L 50mg/L 100mg/L 200mg/L 
N* 2.42±0.18 2.27±0.11 2.34±0.15 2.47±0.20 2.44±0.11 
0.5min     ND** ND ND ND ND 
1min ND ND ND ND ND 
2min ND ND ND ND ND 
N*: None treatment 
ND**: None detectable 
 
Table 8.2 Recovery of E. coli O157:H7 on the welding joint of coring knife of lettuce 
after treated by chlorine combined with ultrasound, prepared by lettuce juice inoculums. 
             Chlorine 
Time 
1mg/L 10mg/L 50mg/L 100mg/L 200mg/L 
N* 3.26±0.10 3.31±0.07 3.20±0.04 3.39±0.07 3.35±0.12 
0.5min     ND** ND ND ND ND 
1min ND ND ND ND ND 
2min ND ND ND ND ND 
N*: None treatment 
ND**: None detectable 
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CHAPTER 9 
FUTURE WORK 
 
The present study investigated factors influencing the efficacy of ultrasound-assisted 
surface decontamination of vegetables by examining the acoustic field distribution, 
ultrasound system parameters, operational conditions, and the effect of surface 
characteristics of vegetables on microbial attachment and removal. Future work will be 
conducted to explore the effect of surface characteristics on ultrasound-assisted surface 
decontamination with artificial surface models, and explore the use of new non-contact 
methods to trace the infiltration of human pathogens into fresh or fresh-cut produce.   
     There are suitable microsites on plant surfaces for enteric pathogens to survive and 
grow, which are distinct and localized spots where sucrose, amino acids, and nitrate are 
abundant around the rhizosphere (Jaeger et al., 1999). The size of bacterial cell is about 
one to two micrometers, while the size of cavitating bubbles is in the range of one to a 
few dozen micrometers, and that for microstreaming and water jet is in about the same 
range. Thus, for fresh produce, the events that are important to microbial attachment and 
detachment will take place at the micrometer level. Therefore, the first future study will 
be undertaken to work with model systems with different man-made surface roughness, 
hydrophobicity, and firmness to understand the interplay between surface properties and 
sonication. Aluminum stubs as the first model system will be fabricated to have different 
surface roughness. Silicon cubes as another model system with different firmness will be 
fabricated to have the same surface roughness. Glass slides as the third model system will 
be coated using different materials to adjust its surface hydrophobicity.  
     Human pathogens can enter stomata and cut edges of fresh produce (Seo and Frank, 
1999; Takeuchi et al., 2000). They can also get into inner plant tissues through wounds 
and bruises on produce (Ryser et al., 2009). The invasion of plants by human pathogens 
appears to be extracellular, with bacteria reside in fluid-filled apoplastic spaces between 
cells (Holden et al., 2008). Internalized pathogens may migrate through plant vascular 
systems and spread the contaminant (Cooley et al., 2003). MicroXCT and confocal 
scanning laser microscope (CSLM) will be used as the major tools to study infiltration 
pathways through which human pathogens become internalized.    
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APPENDIX A 
EFFECT OF ULTRASOUND ON BABY SPINACH, LOOSE LEAFY LETTUCE, 
LOLLO ROSSO, AND ROMAINE LETTUCE 
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Figure A.1 Images of spinach, loose leaf lettuce, lollo rosso, and romaine lettuce treated 
by ultrasound at 34 kHz and acoustic power density of 81.28 W/L, and stored at 1°C for 
14 days.  
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APPENDIX B 
DESIGN OF NEW PROTOTYPE OF LETTUCE CORING KNIFE 
 
 
Figure B.1 Diagram of knife handle. 
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Figure B.2 Diagram of knife coring ring. 
 
Figure B.3 Assembly drawing of lettuce coring knife. 
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